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Abstract 
A major challenge in silicon devices based on micro-electro-mechanical systems (MEMS) is the 
provision of effective lubrication for sliding parts. This greatly limits the development and 
exploitation of MEMS devices, with current designs avoiding sliding contacts where possible. 
This thesis describes research aimed at lubricating high sliding MEMS devices. 
A micro-scaled tribometer has been constructed to obtain measurements of friction between two 
sliding silicon surfaces. This work focuses on lubricating MEMS with liquids, a self-replenishing 
lubrication method which had been dismissed previously as they were assumed to carry too 
much viscous drag. 
The major finding is that ferromagnetic fluids make excellent lubricants for sliding MEMS 
surfaces. These fluids provide low friction at high speeds, and reduce the boundary friction at 
low speeds when the hydrodynamic film is absent. The properties of such fluids allow the liquid 
to be contained in the presence of a magnetic field, meaning that only a small, localised amount 
is required. 
Low viscosity liquids were also shown to provide acceptably low friction at high speeds. These 
results agreed reasonably well with theory. Friction modifier (FM) additives were added to low 
viscosity liquids in order to reduce boundary friction by forming boundary films, when no 
hydrodynamic film is generated at low speeds. Drag has also been shown to be insignificant. 
A study of the wear of silicon surfaces under prolonged sliding was conducted. Previous studies 
have focussed on dry coatings and apparently untreated surfaces. In this thesis, the effects of 
different surface preparations, the use of low viscosity liquids and vapour phase lubrication on 
wear have been studied. 
This thesis concludes that it is feasible to use liquids to lubricate sliding MEMS. High sliding 
MEMS is possible and practicable in future if self-replenishing methods, such as those studied in 
this work, are employed in real devices. 
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Nomenclature 
For Chapter 2 and Appendix C, these symbols do not necessarily apply. Symbols are defined 
where appropriate in Chapter 2 and Appendix C. 
mH  gradient of magnetic distribution 
 
∆r, ∆θ value of increment in the r and θ direction 
 
µ coefficient of friction 
 
µ0 vacuum permeability 
 
A reference area 
 
a, c, e,  constants when evaluating new rotational stiffnesses 
 
A1, A2 defined areas on patterned pad 
 
B flux density at a given distance from a magnet 
 
b width of beam 
 
Br residual flux density 
 
CD drag coefficient 
 
d depth/height of beam, disc, magnet, etc 
 
E Young’s modulus 
 
FD , FF , FA drag force, friction force, axial force due to ―stretching‖ 
 
fm magnetic body force 
 
Fy force in the y-direction 
 
g length between the axes of the two long beam sections in the folded beam 
structure 
 
G shear modulus 
 
h film thickness (general) 
 
H material hardness 
 
h0 minimum film thickness between the flat surface and the profiled surface in a 
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contact  
 
Hm magnetic distribution 
 
hstep step height of patterned pad 
 
I Second moment of area of beam cross section-direction of vertical 
displacement 
 
I’ second moment of area of beam cross section-direction of rotational 
displacement 
 
k overall vertical stiffness 
 
K constant (general) 
 
K1, K2 integration constants 
 
kD calibrated sensitivity of detector (taken as same session as calibration) 
 
kD’ detector sensitivity (variable for each test session) 
 
kP calibrated platform stiffness 
 
kZ stiffness in the z-direction 
 
kϕ torsional stiffness 
 
L length 
 
M(Hm) magnetic response of fluid (Chapter 7) 
 
M1 resulting couple due to rotational displacement (Chapter 3) 
 
MBx, MCx. MBy, 
MCy, MDx 
 
bending moments (Chapter 3) 
 
p pressure or pressure field 
 
preLoad pre-load applied to the contact 
 
PV piezo voltage 
 
R known value of radius 
 
r, θ, z polar co-ordinates 
 
Ri known value of inner radius (where appropriate) 
 
ri local value of radius in numerical integrations 
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RN, RS, RT radii that define the profile of the patterned pad 
 
S total length of deflected beam 
 
t time 
 
T frictional torque 
 
U velocity profile across fluid film in the direction of sliding 
 
U1, U2 velocity of sliding surface in x-direction 
 
V velocity of fluid flow around the circumference of the specimen disc 
 
V1, V2 velocity of sliding surface in y direction (side leakage) 
 
Vol wear volume 
 
W applied normal load 
 
w1, w2 velocity of surface in z direction (normal approach-separation) 
 
x, y, z cartesian co-ordinates 
 
YT transverse shear force due to rotational displacement 
 
Z(r) wear profile used in wear volume evaluation 
 
β  shape factor for the cross section of the beam for evaluating rotational 
displacement caused by torsion 
 
γ shape factor for the cross section of the beam for evaluating the maximum 
shear stress caused by torsion 
 
δ, δC end deflection 
 
η viscosity 
 
ν profile of deflected beam along the axis 
 
ρ density 
 
σ direct stress caused by bending or stretching 
 
τ shear stress 
 
  rotational displacement 
 
ω angular velocity 
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Chapter 1:   Introduction 
1  
This chapter provides a brief background to the work reported in this thesis. The objectives are 
outlined and described. The layout of the thesis is also presented. 
 
1.1 BACKGROUND 
 
The advances in Microelectromechanical Systems (MEMS) technology have been significant in 
recent years and have seen MEMS devices being incorporated into an ever-increasing range of 
engineering products. Examples of such products include inertial sensors, read/write heads in 
hard disk drives, inkjet printer heads and digital micromirror displays. A key obstacle to MEMS 
development is providing effective lubrication for their moving parts and main challenge is how 
to limit friction in parts that slide relative to one another. This is proving to be difficult since, as 
the overall length scales are reduced, surface forces such as van der Waals, capillary forces and 
viscous drag become more dominant over inertial forces.  
In devices with low amounts of sliding, the main problem is stiction, where the applied force 
cannot overcome static forces. The problem is caused by surface adhesion, water condensation 
and consequent capillary attraction. The use of inorganic and fluorinated organic surface 
coatings have been shown to limit overall surface adhesion and wetting (Maboudian et al., 
2002). High sliding devices, are however much more difficult to lubricate. The common problem 
is that these coatings fail after prolonged periods of sliding (Maboudian and Carraro, 2004) due 
to loss of protective coatings followed by high wear. 
In macroscale applications, it has long been known that the best lubrication methods for long 
life, high sliding surfaces involve liquid lubrication as opposed to solid lubrication. This is 
because liquid films are ―self-replenishing‖ i. e. able to reform fluid or boundary films 
continually during operation. By contrast, solid lubricant films last only as long as the time 
during which they are worn through. In MEMS, solid lubricant films have to be much thinner 
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than in macro-scale machines and are often only grafted monolayers. This means that they can 
be worn away very quickly if high sliding is present. Self-replenishing lubrication for high 
sliding MEMS thus seems attractive.  
One self-replenishing method of lubricating MEMS is vapour phase lubrication, which has 
proved to be effective in reducing friction and preventing MEMS wear (Strawhecker, et al., 
2005; Asay et al., 2008a and Asay et al., 2008b). The other obvious alternative is liquid 
lubrication. This has long been dismissed as a suitable means to lubricate MEMS as it is 
presumed to cause too much drag, to limit the maximum operarationable speed (Mehregany and 
Dhuler, 1992) and to cause overdamping in micromotors (Deng et al., 1994). 
The work reported here aims to investigate self-replenishing lubrication methods suitable for 
MEMS, including low viscosity liquid lubrication, additive solutions and vapour phase 
lubrication. 
 
1.2 OBJECTIVES OF STUDY 
 
The aim of the project described in this thesis is to investigate suitable self-replenishing 
lubrication methods for high sliding MEMS. The following tasks are to be undertaken. 
i. To develop a high-speed, MEMS-based tribometer to measure lubricant effectiveness in 
MEMS conditions. 
ii. To explore the possibility of lubricating MEMS mechanisms by partial and full 
immersion in low viscosity liquids, both to provide hydrodynamic lubrication and as a 
delivery system for boundary lubricant additives. 
iii. To develop a vapour phase replenishment method for adsorbed monolayer boundary 
films for MEMS. 
iv. To investigate the wear behaviour of high sliding MEMS surfaces under various 
conditions. 
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The aim of the MEMS-based tribometer is to provide an environment representative of real 
MEMS devices and allow direct measurements of friction from a pair of MEMS specimen 
surfaces. The main concept of the tribometer is for a MEMS silicon specimen disc to rotate 
against another silicon disc, which is stationary and mounted on a test platform. 
The tribometer must be able to provide suitable testing conditions for the various lubrication 
methods to be investigated. Thus a container must be incorporated to allow the contacting pair of 
specimens to fully be fully immersed in a liquid. Also a suitably sealed chamber is needed to 
house the specimens during tests with vapour phase lubricants.  
For friction tests, the upper specimen will be brought into contact with the lower specimen, and a 
known load applied. The upper specimen will then rotate against the lower specimen and friction 
coefficient measured while varying sliding (and thus entrainment) speed.  
For the wear tests, the surfaces will be brought into contact, and the known load applied. The 
upper specimen will then rotate against the lower specimen at a set speed, and the test will last 
for a set period. The ―worn‖ specimens will be removed from the tribometer and their worn 
profiles will be studied. 
 
1.3 THESIS LAYOUT 
 
This thesis consists of ten chapters. For ease of reading, cited references are listed at the end of 
each chapter and again in a ―References‖ section at the end of the thesis. 
Chapter 1 gives an introduction to the background of the work, outlines the objectives and 
provides a layout of the thesis. 
Chapter 2 describes the lubrication methods that are currently employed for MEMS devices and 
discusses their advantages and disadvantages. This chapter also describes the various methods by 
which friction is quantified in MEMS. 
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Chapter 3 describes the design and development of the MEMS tribometer used in this work, and 
the relevant experimental techniques and procedures for operating the tribometer. This chapter 
also outlines the processing steps in the fabrication of the MEMS devices used in this work. 
Chapter 4 describes preliminary work and test results which were used to examine the measuring 
ability of the tribometer and refine its operation.  
Chapter 5 presents friction results for tests with the sliding surfaces fully immersed in liquids of 
various viscosities. Some measurements of film thickness are also described for the more viscous 
lubricants studied. The chapter also compares the experimental results with hydrodynamic 
theory. 
Chapter 6 presents test results with the sliding surfaces fully submerged in liquids with added 
friction modifier additives. 
Chapter 7 describes friction tests using ferromagnetic fluids. 
Chapter 8 describes tests conducted to investigate the influence of surface preparation and 
lubricating conditions on wear, including liquid lubrication and vapour phase lubrication. 
Chapter 9 presents an overall discussion of the work, including a critical look at the experimental 
methods developed and the quality of the results obtained. The chapter also discusses the 
practical implications of implementing the lubricating methods investigated in this study in real 
MEMS applications. 
Chapter 10 concludes the thesis with the summary of the main findings and some suggestions for 
future work. 
The published work and conference proceedings resulting from the research are listed at the end 
of the thesis. 
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Chapter 2:   Literature Review 
2  
This chapter presents a review of MEMS lubrication. The review is divided into two main 
sections. Firstly, the various methods of lubrication employed to lubricate sliding MEMS 
devices, from dry coatings to vapour phase lubrication, are critically reviewed. Secondly, the 
methods for friction quantification in MEMS, both commercially available instrumentation and 
custom-built tribometers are discussed. 
 
2.1 BACKGROUND ON MEMS FRICTION AND STICTION 
 
Microelectromechanical Systems (MEMS) or micro-devices, have a characteristic length scale 
that lies between 1 µm and 1 mm. Such devices are produced from the following: various grades 
of silicon, germanium based materials, some metals, diamond and piezo-electric materials (Gad-
El-Hak, 2002). The most common material is silicon. The roughness of a polished single crystal 
silicon surface is in the range of 0.1 – 0.8 nm (Schmitt Measurement Systems, Inc., 2000), while 
the average roughness of a deposited polysilicon surface is in the range of a few nanometres to a 
few tens of nanometres (Houston et al., 1997). 
In recent years, there have been significant advancements in the development of 
Microelectromechanical Systems (MEMS) and MEMS devices are now being incorporated into 
an ever increasing range of engineering products. Examples of such products include inertial 
sensors, read/write heads in hard disk drives, gas micro-turbines and micro-engines, inkjet 
printer heads and digital micromirror displays. The range of applications is on the increase and 
the trend is set to continue as MEMS fabrication processes become more established and 
obtainable. MEMS devices are commonly fabricated by processes such as surface and bulk 
micromachining, which involve three main processes, in chronological order: photolithography, 
etching and release. A common etching method is deep reactive ion etching (DRIE).  
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One of the main problems with MEMS is the provision of effective lubrication for their moving 
parts. This has proven to be the main obstacle to the development and exploitation of MEMS 
devices which involve large amounts of sliding contact. The main challenge is how to limit the 
friction and wear when the moving parts come into contact. It is difficult to transfer the 
lubrication methods used in macro-scaled machines into micro-scaled ones, because of a scaling 
problem. As the dimensions of a component reduce, the mass and inertia reduce with the cube of 
the length, while the surface area reduces with only the square. This means that surface forces 
such as van der Waals forces, capillary effects and viscous drag become dominant over inertial 
forces as the size of the component is reduced.  
In MEMS devices, capillary effects are almost unavoidable. Following etching, rinsing the 
devices with water is required. During the water rinse, and/or the subsequent exposure to air, an 
oxide layer several angstroms thick forms on the silicon surfaces. (Gavrilenko et al., 2009), and 
these become covered with hydroxyl groups. The resulting surface energy is high and these 
surfaces are hydrophilic. They can absorb several monolayers of water from the air, promoting 
meniscus formation, which leads to strong capillary forces, which in turn lead to high stiction. 
This phenomenon is known as ―release stiction‖. These capillary effects can be reduced by 
reducing the amount of water the devices come into contact with and several techniques have 
been employed, including freeze drying (Guckel et al., 1990) and supercritical CO2 drying 
(Mulhern et al., 1993). 
Electrostatic charges often migrate from the ambient environment into the insulating surfaces of 
silicon devices. The charges become significant in electrostatically actuated devices or when the 
contacting surfaces are not identical. In the latter case, a contact potential difference develops 
(Maboudian and Carraro, 2004). Solid bridging and intermolecular forces, including van der 
Waals forces and hydrogen bonding, must also be taken into account, as the separation of 
components in MEMS devices can be down to the scale of angstroms. The surface forces, F 
existing between two perfectly smooth surfaces of silicon with 1 µm
2
 contact area are plotted 
against separation, d in Figure 2.1. It can be seen that the surface forces increase rapidly with 
decreasing surface separation. 
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Figure 2.1: Surface forces plotted against the separation between two silicon surfaces 
(Maboudian and Carraro, 2004). 
 
Another problem that occurs at the micro scale in MEMS is that the sliding surfaces have been 
observed to adhere to each other. This effect is often known as ―in-use stiction‖ and occurs as a 
result of repeated impacts between surfaces. In the case of compliant machine elements, when 
the suspended proof mass and adjacent surfaces make accidental contact, stiction also results. 
Both effects are triggered by the absorption of water from the environment onto the hydrophilic 
surface, causing the formation of a meniscus. 
The design and development of MEMS lubrication must take account of these surface forces and 
stiction effects, even in low sliding devices since the applied load may not be sufficient to 
overcome those forces. In some cases, friction coefficients larger than unity can occur so the 
friction force is higher than the load (Maboudian & Carraro, 2004). The applied pressures must 
also be accounted for as different lubrication regimes have different load bearing capacities. 
Examples of applied pressures in some applications are as follows: 
i. load bearing micro heat sinks; 44.5 N over an area of 486 mm2, which gives a mean 
pressure of the order 0.1 MPa (Stephens et al., 2001). 
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ii. between the rotor and the bearing in micromotors; frictional forces between 0.3 to 
0.8 μN, with coefficient of friction between 0.36 and 0.55, over a contact area of 9.42 
×10
-4
 mm
2
. This gives a mean pressure of the order of 0.1 kPa (Deng et al., 1995). 
There are two main methods of lubricating MEMS in current use: dry surfaces/coatings and 
deposited boundary lubricant films, although several others have been proposed as described 
below. These two methods are suitable for MEMS with very little sliding. High sliding MEMS 
devices, however, are much more difficult to lubricate due to the higher dynamic friction and 
wear (Maboudian et al.,2000). Recently, there have been developments on using lubricants 
delivered to the MEMS contacts via the vapour phase, where the lubricating film is replenished 
as it is worn away. Another self-replenishing method is liquid lubrication. Little work has been 
done in the area as it has been assumed that liquids carry too much drag. There are three main 
lubrication regimes associated with these methods: boundary (dry coatings/monolayers), mixed 
(vapour phase) and hydrodynamic (liquid). Their relations with speed and friction are shown on 
the Stribeck curve in Figure 2.2. 
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Figure 2.2: Stribeck curve representing the lubrication regimes of the various methods for 
lubricating MEMS. 
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Accurate methods of quantifying frictional forces are extremely important in the development of 
MEMS lubrication. The most common techniques are atomic force microscopy (AFM) and 
friction force microscopy (FFM), which involve the interaction between a tip (probe) and the 
surface of interest. These instruments are commercially available from manufacturers such as 
Veeco. Other quite widely used instruments are micro-tribometers made by companies such as 
CETR and CSM, where the normal load is applied onto the sample via a flat, pin or sphere.  
In addition, many other instruments have been custom designed specifically to study the friction 
between MEMS surfaces. Most of them have the following features: 
i. Provision of reciprocating or rotation motion against the sample surface. 
ii. Quantification of friction by the deflection of a component. 
iii. Alignment mechanisms for specimens. 
This literature review focuses on the many methods that have been employed to lubricate MEMS 
devices. They include ―non-replenishing‖ methods such as surface treatments, monolayer 
coatings and hard coatings, as well as proposed self replenishing lubrication regimes such as 
vapour phase lubrication. The various methods of quantifying friction and wear in MEMS 
devices are also described. These are separated into two categories: commercially available 
instruments, and test rigs/ devices that are custom built. 
 
2.2 CURRENT METHODS OF LUBRICATING MEMS 
 
2.2.1 Surface Treatments  
As discussed above, the surfaces of silicon-based MEMS are naturally hydrophilic. This makes 
the surfaces susceptible to in-use stiction caused by surface forces. One fundamental method of 
solving this problem is to reduce the real contact area. This can be achieved by altering the 
surface topography. Another approach is to make the surfaces hydrophobic by chemical surface 
treatment. In MEMS, hydrogen termination or oxide passivation is employed.  
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2.2.1.1 Altering the Surface Topography 
Surface topography alteration aims to reduce the real contact area between adjacent surfaces, 
hence reducing in-use stiction. In MEMS, this can be achieved by increasing the overall surface 
roughness. Two main techniques have been employed: fabrication of microdimples and 
roughening of surfaces at a microscopic level. 
Fan et al. (1988) incorporated microdimples (hemispherical bushings) in micromotor designs. 
This is illustrated in Figure 2.3. The microdimples are fabricated on the polysilicon rotor so that 
the contact area between the rotor and stator is kept to a minimum. The authors showed that in-
use stiction was reduced, but they did not quantify the change in work of adhesion or the forces. 
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Figure 2.3: a) Illustration of the microdimple (hemispherical bushing) in the motor design. 
b) Detailed illustration of the forces (Fan et al., 1988). 
 
Yee et al. (1996) modified polysilicon surfaces by creating grain holes. The polysilicon was first 
heavily doped with phosphorus, which enhances oxidation at the vicinity of grain boundaries. 
The polysilicon was then subjected to thermal oxidation. The layer of oxide formed at the grain 
boundary was thicker than that on the surface. The thinner oxide on the surface was then etched, 
leaving that at the grain boundary behind. The remaining thick oxide was used as a mask, and the 
polysilicon was etched up to a specified depth, creating ―grain holes‖. The process of creating 
the grain holes is illustrated in Figure 2.4. On average, the root mean square roughness resulting 
Lubrication of High Sliding Silicon Micromachines 
I. S. Y. Ku Chapter 2: Literature Review 
 
40 
 
from such treatment is 52.7 nm, which is much higher than untreated polysilicon. As a result, the 
surface energy density of the solid interface between microstructures and substrate decreased due 
to the reduction of the real contact area. The surface energy density was found to be reduced by 
20 times when compared to the non-modified silicon. 
While increasing the surface roughness in this way reduces friction and stiction, it may not be 
feasible on some MEMS designs. No investigations appear to have been conducted on the sliding 
of such roughened surfaces. In sliding, rougher surfaces may promote asperity detachment or 
deformation. These can have significant effect on the friction and wear. 
 
 
Figure 2.4 Illustration of the process of creating grain holes. a) Following the deposition of 
polysilicon on the silicon dioxide substrate, the polysilicon is doped with phosphorus above 
a concentration of 10
20
 cm
-3
. b) Thermal oxidation of the polysilicon. c) The oxide is then 
etched so that only the oxide in the vicinities of the grain boundaries remains and the oxide 
over the grains is completely etched. d) Using the remaining oxide as a mask, the 
polysilicon is subjected to reactive ion etching to create the grain holes (Yee et al., 1996). 
 
More recently, Tayebi and Polycarpou (2005) conducted a study which compared experimental 
and theoretical methods for evaluating the effect of surface roughness on stiction and friction in 
MEMS. The study focused on the impact of statistical roughness parameters of the polysilicon 
surfaces. Experiments showed that, for the surfaces with the same standard deviation of asperity 
heights, those with positive skewness and high kurtosis values exhibited lower adhesion pull off 
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force and friction coefficient by an order of magnitude. The authors also showed a very good 
agreement between the adhesion force and friction coefficients obtained by experiment and those 
obtained from modelling. There were no investigations in the effects of long term sliding. 
2.2.1.2 Hydrogen Termination 
Hydrogen termination is an effective treatment used in MEMS to reduce friction and stiction. It 
involves chemically treating silicon surfaces with hydrofluoric acid (HF) or ammonium fluoride 
(NH4F) (Grunthaner et al., 1989). The aims are to remove both the hydrophilic oxide on the 
surfaces and the hydroxyl groups which terminate the surface, so that hydrogen bonding does not 
occur between the surfaces when they come into contact. Following oxide removal, the hydrogen 
atoms will ―complete‖ the dangling Si-Si bonds on the surface. A schematic of a silicon surface 
resulting from hydrogen termination treatment is illustrated in Figure 2.5. 
 
H H H H
Crystalline Si
Poly-Si
 
Figure 2.5: Schematic representing a hydrogen terminated silicon surface. Based on Figure 
2 in Houston et al. (1997). 
 
Houston et al. (1997) treated polysilicon surfaces with both HF and NH4F. The treatment 
removed hydroxyl groups and oxide on the silicon surface, which prevents hydrogen bonding 
between the adjacent surfaces, hence reduces friction. The work of adhesion of the treated 
surfaces was found to be reduced by a factor of about 700 after HF treatment and by a factor of 
2000 for HF and NH4F treatment. The larger reduction from NH4F treatment can also be a result 
of increased surface roughness (38 nm, as opposed to 12 nm for HF treated surfaces), due to the 
etchant etching the underlying silicon. The increased roughness increases the separation between 
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the surfaces and reduces asperity contacts, hence weakens the adhesion forces. To determine the 
hydrophobicity of hydrogen-terminated surfaces, their water contact angles were measured. 
Large water contact angles indicate hydrophobicity, and vice versa. Depending on the solution 
used for hydrogen termination, the resulting water contact angles of the surfaces ranged from 61 
to 85.5 ° (Houston and Maboudian, 1995), compared to a water contact angle of an untreated 
surface of less than 30 ° (Maboudian et al., 2000). A summary of contact angles corresponding 
to different hydrogen termination treatments is shown in Table 2.1. 
 
Table 2.1: Summary of water contact angles of Si(100) surfaces when subjected to different 
hydrogen termination treatment (Houston and Maboudian, 1995). 
Treatment pH of etchant Water contact angle (±1 °) 
NH4F 7.8 85.5 
Buffered HF 5.0 76.0 
Dilute HF 3.0 70.0 
Concentrated HF 2.0 61.0 
 
The selection of the most appropriate chemical for hydrogen termination depends on the desired 
resulting surface characteristics. Carbon and oxygen contamination of the surfaces was found to 
be significantly less with NH4F treatment, compared with HF treatment (Houston and 
Maboudian, 1995 and Dumas and Chabal, 1991). Unlike HF, NH4F also etches the silicon 
substrate and this etching increases the average roughness and hence decreases the actual contact 
area. 
One problem associated with hydrogen terminated surfaces is their long term chemical stability. 
Several studies have been conducted on the subject. The rate at which hydrogen terminated 
surfaces re-oxidise was studied. The re-oxidation occurs in a two-stage process. Initially, the 
adsorption of oxygen on the surface is slow. In water, this period is about one hour, whereas in 
air this period is about one week. During this time, the surface Si-OH bonds which have resulted 
from water rinsing or attack by the Si-H bonds will condense to form Si-O-Si bonds, which can 
cause strains in the lattice. The hydrogen termination of the surface remains intact throughout the 
initial oxidation phase. The strain caused by the Si-O-Si bonds destroys surface regularity and 
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weakens the silicon backbonds, leading to much faster oxygen absorption, and hence the rapid 
second oxidation phase (Houston and Maboudian, 1995 and Kluth and Maboudian, 1996). 
Houston et al. (1997) found that hydrogen terminated surfaces oxidise within 4-7 days in air. 
Over a month, the oxide layer thickness was found to be significantly increased and the water 
contact angle decreased. 
 
2.2.2 Boundary Lubrication: Organic Monolayers 
A very common method to reduce friction in MEMS is by depositing organic monolayers on 
their surfaces from solution. Examples of such monolayers are self-assembled monolayers 
(SAMs), dimethyl-dichlorosilane-based monolayers, alkene-based monolayers, alkoxyl 
monolayers, etc. 
2.2.2.1 Self Assembled Monolayers 
Self Assembled Monolayers (SAMs) are single layers of long chain hydrocarbon or fluorocarbon 
molecules, covalently bonded to the substrate surfaces. The process starts with 
octadecyltrichlorosilane (OTS) or perfluorodecyltrichlorosilane (FDTS) precursor molecules in 
solution; both of which have an R-Cl3 end group. The precursor molecules undergo hydrolysis in 
which their polar Si-Cl bonds are converted to Si-OH (silanols) groups. The solution containing 
the pre-cursor molecules must thus contain some water for the hydrolysis process. However, too 
much water can cause bulk polymerisation of the trichlorosilane group, which results in the 
formation of particulates in the solution. The solution which carries the molecules must therefore 
contain a solvent which is anhydrous. The resulting silanols are attracted to the hydrophilic 
surface of oxidised silicon. They react with each other as well as with the silanols on the 
substrate surface to produce Si-O-Si covalent bonds. The hydrocarbon or fluorocarbon tail 
groups of the pre-cursor molecules extend outward from the surface after the formation of the 
monolayer. The condensation of the monolayer takes from a few minutes up to several hours. In 
order for a strong covalent siloxane network to form, complete polymerisation of the silanols is 
required. The process thus requires ageing the surface for a few days in air or baking at 100-120 
°C for a few hours (Maboudian et al., 2000). Figure 2.6 illustrates the SAM formation process. 
These monolayers provide high hydrophobicity and exhibit low surface energies and thus 
minimise the effects of surfaces forces to reduce stiction and adhesion. This is proven by 
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experiments (Srinivansan et al., 1998) and theoretical modelling (Teodorescu et al., 2009). These 
monolayers reduce in-use stiction by preventing water menisci from forming during drying 
(Maboudian et al., 2000). The water contact angle becomes greater than 110 ° as opposed to less 
than 30° for an uncoated surface (Maboudian et al., 2000). These monolayers also reduce friction 
significantly. The friction coefficient between two oxidised polysilicon surface is 1.1, when 
coated with a layer of OTS, the value reduces down to a range between 0.073 (Ashurst et al., 
2001b) and 0.14 (Senft and Dugger, 2001).  
Silicon surfaces coated with monolayers deposited from a FDTS precursor solution have been 
found to exhibit a work of adhesion four orders of magnitude lower than that of a standard 
silicon dioxide coating and three times less than that of an OTS coating. FDTS monolayers are 
also found to be stable at packaging temperatures up to 450 °C in nitrogen or air (Srinivansan et 
al., 1998). 
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Figure 2.6: a) Hydration. b) Hydrolysis. c) Deposition. d) Cross-link. The formation process 
of SAMs. Based on Figure 2 in Deng et al. (1995). 
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2.2.2.2 Other Organic Monolayers 
Apart from SAMs, other organic monolayers deposited from solution have been used to lubricate 
MEMS. 
Alkene based monolayers have the advantage that they do not require the surface to be oxidised 
first. The work of adhesion of alkene-based monolayers is less than that of oxide surfaces by four 
orders of magnitude. Their anti-stiction properties are comparable to chlorosilane-based ones. 
The same can be said about the coefficient of static friction. At 0.05, it is roughly a factor of 20 
less than that of an oxide surface. Alkene based monolayers are advantageous as they do not tend 
to leave behind polymerised clusters and acid during the coating process (Ashurst et al., 2001a). 
As a result, the coated surface is much smoother, with a roughness of 0.4 nm, as opposed to a 
roughness of 25 nm for OTS coating.  
Alkoxyl monolayers have reasonable mechanical durability under high applied loads. It was 
found that the friction increases as the length of the alkyl chain decreases. The trend has also 
been verified against theoretical models (Major et al., 2003). 
Dichlorodimethylsilane (DDMS) is another type of monolayer that deposits via reaction with 
silicon surfaces from solution. The coating procedure is the same as that with OTS molecules. 
The difference are that OTS has three chlorosilane groups whereas DDMS only has two; and the 
OTS has an 18-C alkane chain bound to the chlorosilane, whereas DDMS has two short methyl 
groups. The deposition processs for DDMS generates fewer particulates than the process for 
OTS. As a result, the root means squared roughness for DDMS coated silicon is 1.9 nm, which is 
much less than that for OTS coated surfaces at 25 nm. The water contact angle as a result of the 
monolayer is similar to that of OTS, but in terms of apparent work of adhesion (0.045 mJ/m
2
 for 
DDMS, 0.012 mJ/m
2 
for OTS) friction (friction coefficient of 0.28 for DDMS, 0.073 for OTS), 
OTS, remains a better choice of monolayer coating. However DDMS has exhibited better 
thermal stability, as shown in Figure 2.7. (Ashurst et al., 2001b). 
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Figure 2.7: Thermal stability of DDMS, compared with that of OTS (Ashurst et al., 2001b). 
 
In some special cases, monolayer films can be deposited on the surfaces via the vapour phase. 
Films formed from the vapour phase tend to have a lower surface density of molecules. There are 
no standard deposition methods, i. e. each laboratory has developed its own. The films deposited 
from the vapour phase are tribologically similar to those deposited from solution (Ashurst et al., 
2003a and Ashurst et al., 2003b). They do, however, offer some advantages over the traditional 
liquid deposited monolayers (Ashurst et al., 2003a and Ashurst et al., 2003b): 
i. No organic solvents are required, making the process more environmentally friendly. In 
addition, the precursor molecules tend to form clusters in solution, leading to lots of 
particulates in the monolayer film. The vapour deposited monolayers are much smoother, 
due to much fewer particulates (for FDTS, vapour deposited film has a roughness of 0.1 
nm, close to oxidised polished Si (100)). 
ii. The process is similar to chemical vapour deposition in a condition chamber. The 
precursor molecules are introduced in the gas phase and the composition determined by 
the partial pressure of the gases (improved stoichometry). With the conditions better 
controlled in a chamber than in a solution, there is less chance of agglomeration of 
particulates and generation of excess reactants. The result is a more even film. 
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iii. The process of plasma cleaning, deposition and film growth monitoring can be carried 
out in situ, thus making the deposition more uniform and more repeatable. 
With SAMs and organic monolayers in general, in-use stiction is reduced by up to 3 to 4 orders 
of magnitude. However, the resistance to wear is low when the applied load is high (Maboudian 
et al., 2000), as the thickness of these layers tends only to be around 3 nm. For example, a device 
coated with vapour deposited DDMS would fail after about 0.4 million cycles (Ashurst et al., 
2004a). This is in stark contrast with the wear performance of silicon carbide coatings, where 
devices have been run for more than double the number of cycles without failure (Figure 2.8). 
From the evidence gathered, it can be concluded that the delicate nature of organic monolayers 
makes them unsuitable for applications with excessive sliding. For such applications in MEMS, 
one method to solve the problem is to implement a replenishing mechanism for the monolayer 
during operation. This is a common practice with macro-scaled applications, where the lubricant 
film is continuously replenished. In MEMS, one recent reported self replenishing lubrication 
method for high sliding applications is in situ vapour phase lubrication, which is discussed in a 
later section. 
 
 
Figure 2.8: Wear test results from sidewall friction testers with various surface treatments. 
For the neat oxide and VDDMS coated samples, the last data point represents failure of the 
device. The SiC device was not observed to fail by wear (µs is the friction coefficient) 
(Ashurst et al., 2004a). 
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2.2.3 Boundary Lubrication: Diamond-Like Carbon (DLC) Coatings 
Another approach to reduce friction and stiction in MEMS is to deposit a solid film on the silicon 
surfaces. One example of such films is Diamond-like carbon (DLC). DLC films can be deposited 
on to a substrate surface via a plasma enhanced, chemical vapour deposition (PECVD) process. 
The precursor gases consist of a hydrocarbon (typically methane) and hydrogen. These gases are 
activated by plasma and the carbon film is grown at a temperature range between 600 to 1000 
°C. Different ratios of hydrocarbon gas to hydrogen result in different surface morphology. 
Typically, the surface roughness can range from 0.1 nm (Luo et al., 2007) to 2 nm (Grill, 1993), 
Figure 2.9 displays some examples of surface morphologies (Luo et al., 2007). DLCs can be 
divided according to three main variables:  
i. non-hydrogenated and hydrogenated; the latter being produced when the dangling bonds 
on the DLC coated surfaces are terminated by hydrogen;  
ii. primarily sp2 or primarily sp3, i. e. mainly aromatic-type C-C trigonal bonding or mainly 
diamond-like C-C tetrahedral bonding;  
iii. undoped or doped with metal or non-metal atoms other than C and H.  
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Figure 2.9: SEM images of surface morphology of DLC films with different CH4/H2 ratios: 
a) 2/98, triangular (111) facets, b) 2/97 rectangular (100) facets, c) 4/96 cauliflower-like 
morphology, and d) 8/92 nanocrystalline diamond (Luo et al., 2007). 
 
The DLC surfaces are hydrophobic. Typically, the surface is composed of carbon nanospheres, 
which results in a surface structure composed of nanoscaled grains. The average size and density 
of the grain structure can be controlled by the substrate temperature during deposition (Zhou et 
al., 2006). The most hydrophobic DLC surfaces, with contact angles of >130°, have a 
microstructure very similar to that of the surface of lotus leaf (Zhou et al., 2006 and Paul et al., 
2008), where its surface structure makes it superhydrophobic. When water comes into contact 
with a DLC surface, the air trapped in the intersititial spaces of the structured surface, which 
substantially decreases the contact between the droplet and the surface. This result in the 
increased self attraction between the polar water molecules, which makes the water droplet shape 
more spherical and hence increases the contact angle (Lotus Effect, n. d.). 
It has been shown that deposition of DLC on surfaces increases the lifetimes of linear motors 
(Smallwood et al., 2006). For uncoated devices, the lifetime was increased by two orders of 
magnitude if operated in air rather than in vacuum. A further three-fold increase in lifetime was 
achieved if the devices were coated with 5 nm of DLC. When operated in air, the coated devices 
could run up to 18 times longer than when uncoated. The performance of DLC films was found 
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to depend on humidity in that the coatings exhibited a longer time to failure in humid conditions 
than in dry conditions (Smallwood et al., 2006). Figure 2.10 summarizes the lifetimes of MEMS 
linear motors, with different types of DLCs and operating conditions, compared with uncoated 
motors. 
 
 
Figure 2.10: Performance of MEMS linear motors operated to failure under different DLC 
thickness and operating conditions (Smallwood et al., 2006). 
 
The results in Figure 2.10 suggest that DLCs interact with the operating environment and that 
species from the environment chemically absorb onto the DLC surfaces. This adsorption can 
play a part in altering their tribological properties.  
For example, the coefficient of friction for hydrogenated DLC is low in humid nitrogen or 
oxygen, very high in dry oxygen, and extremely low in dry nitrogen or ultra high vacuum 
(UHV), where the friction coefficient can be as small as 0.01 (Grill, 1993; Grill, 1997 and 
Tagawa et al., 2004). However, few applications exist where a vacuum can be maintained.  
Humidity can also be an important factor in determining the properties of DLC in a given 
environment. As mentioned above, the friction coefficient of hydrogenated DLC is extremely 
low in dry air or vacuum, while if the relative humidity increases, this value can be tripled. The 
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friction coefficient of DLC is also dependent on the H:C ratio in the precursor gas during the 
deposition. The value of friction coefficient can range from 0.003 with a gas composition of 75% 
hydrogen and 25 % methane to 0.015 when only methane is present (Erdemir et al., 2000). 
Tetrahedral carbon film behaves differently, however, in that its coefficient of friction is high in 
vacuum environments and no significant change has been observed as the relative humidity 
increases, i. e. from about 0.1 at 0.01% RH to about 0.08 at 100 % RH (Robertson, 2002; Enke, 
1981 and Voevodin et al., 1996). Therefore, when designing MEMs devices coated with DLC, 
both the operating environment and type of DLC must be taken into account. In many cases it is 
not practical, for example, to maintain a high vacuum for long periods. 
Both diamond and DLC have low surface energies, with contact angles of >90 °. These factors 
contribute to a hydrophobic surface, which decreases the risks of adhesion, during both 
fabrication and use. DLC also has a lower coefficient of friction and wear rate than silicon. Both 
of these factors make DLC a beneficial coating for MEMS. Hydrogenated DLC in particular, has 
a low friction coefficient and wear rate due to the dangling bonds on the surface being passivated 
by hydrogen, making the surface super lubricious. The smooth surface also contributes to the 
low friction and wear rate (Luo et al., 2007). However, like SAMs, the coating does not get 
replenished. Even with the relatively low wear rate, the coating will still get completely worn off 
after prolonged or repeated usage, leading to device failure.  
Staedler and Schiffmann (1998) investigated the physical properties of DLC films on various 
substrates. The substrate hardness greatly influenced the composite hardness of the system, 
especially if the substrate was very soft. In a scratch test, it was also been found that a soft 
substrate resulted in a lower coefficient of friction. This was due to the soft substrate acting like 
a spring, hence resulting in a plate bending effect. In the elastic regime, this reduced the apparent 
contact area between asperities. Meanwhile, wear of the coating increased with decreasing 
substrate hardness. The softer substrate promoted plate bending and hence induced increased 
tensile stress in the film. Similar results were also reported in Bandorf et al., (2003). 
The nature of the counterface material sliding against DLC must also be taken into account. 
Some counterface materials, such as steel, silicon nitride and sapphire cause the formation of a 
carbon rich transfer layer at the contact interface consisting of fine nanographitic particles of < 
5nm in diameter (Voevodin et al., 1997). Le et al., (2008) has studied the effect of rubbing a 
sapphire ball against a tetrahedral amorphous carbon (ta-C) coating deposited on a silicon 
substrate. Their results showed a sharp decrease of friction after 500 cycles (Figure 2.11 a)). The 
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transfer layer was visible in surface profiles of the sapphire ball (Figure 2.11 b)). The soft carbon 
layer acted as a buffer between the two hard surfaces to prevent asperity-asperity contact.  
 
 
Figure 2.11: a) Frictional behaviour of ta-C (50nm) under ambient conditions against a 
sapphire ball. b) Material transfer to sapphire ball after tests on ta-C films under a load of 
0.2 N for 3000 cycles. The spiking features are the transferred carbon material on the ball 
surface (Le et al., 2008 and Luo et al., 2007). 
 
2.2.4 Boundary Lubrication: Chemical Vapour Deposited Hard Coatings 
Hard coatings can be deposited onto the silicon surfaces via chemical vapour deposition (CVD) 
or atomic-layer deposition (ALD). For some materials, the deposition process can be region-
selective. The hard material makes the coating more durable than monolayers, and hence 
increases the lifetime of high sliding devices. 
2.2.4.1 Silicon Carbide 
A common example of hard coatings is silicon carbide (SiC). Stoldt et al. (2002) report the 
development of a low pressure chemical vapour deposition (LPCVD) process to grow cubic SiC 
films on polycrystalline silicon surfaces. The process only requires one type of precursor 
molecule, 1-3-disilabutane (DSB), as illustrated in Figure 2.12. The deposition process employs 
a DSB pressure between 10
-4
 and 10
-5
 Torr and a temperature range between 800 and 1000 °C. 
The surface composition, grain size and lattice structure of the SiC can be controlled by altering 
the deposition temperature. Typically, the surface roughness of SiC is 12.4 nm (Gao et al., 
2006). 
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The work of adhesion of SiC coated polysilicon is about four orders of magnitude than that of 
the uncoated polysilicon substrate surface (from 20 mJ/m
2 
to 0.004 mJ/m
2
). This reduces in-use 
stiction. However, the study concluded that these anti-stiction properties could only last if the 
polysilicon did not oxidise (Gao et al., 2006). Therefore the user must ensure that the operating 
environment is free of oxygen or water vapour, which may be expensive to maintain for long 
periods or difficult to implement into the device design. As shown in Figure 2.8 above, SiC 
coating can exhibit a much longer wear life than SAMs. However, since there is no 
replenishment during usage, it will still be completely worn off after prolonged and repetitive 
use.  
MEMS structures can also be fabricated from SiC directly. This is achieved by first depositing 
and patterning an oxide layer on the silicon substrate. Then the SiC is deposited onto the 
patterned oxide layer, covering all areas of the substrate. Finally, HF is used to etch away both 
the oxide layer, and the Si-C attached to it, leaving behind only the SiC deposited on the silicon. 
If required, the SiC structure can be released from the silicon substrate by a XeF2 etch (Liu et al., 
2009). 
 
 
Figure 2.12: Ball and stick model of the DSB precursor molecule, molecular structure: 
SiH3-CH2-SiH2-CH3 (Stoldt et al., 2002). 
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2.2.4.2 Tungsten 
The CVD of tungsten on silicon requires reduction of WF6 by silicon. Therefore, if an uncoated 
silicon surface already contains a patterned silicon dioxide or nitride layer, deposition only 
occurs on the areas where the silicon is exposed (i. e. selective coating). Once a continuous film 
of tungsten has been formed (~200 angstroms) on the silicon surface, the reaction will slow 
down and eventually cease, as the WF6 is no longer exposed to the silicon. Tungsten-coated 
polysilicon devices can run for up to 2 million cycles with no failure, compared with failure on 
average after 4 × 10
5
 cycles with uncoated polysilicon devices (Mani et al., 2000). 
2.2.4.3 Ceramic Coatings 
In recent years, ceramic coatings have also been used in MEMS devices, most notably Al2O3 
(alumina) and TiO2 (titania) coatings. These coatings are deposited on MEMS devices by atomic 
layer deposition (ALD). ALD is a chemical vapour deposition process that employs self-limiting 
surface reactions applied in a binary sequence, leading to atomic-layer controlled growth. The 
process is illustrated in Figure 2.13, with A and B denoting precursors or reactants. The notches 
in the substrate represent discrete reactive surface sites. Exposing the surface to A results in the 
self-terminating absorption of a monolayer of A species. This layer then becomes the precursor 
substrate for the species B. Therefore, one cycle deposits a single monolayer of AB compound. 
By repeating the AB sequence, it is possible to produce a film of any thickness (Hoivick et al., 
2003).  
Two pre-cursor molecules are involved in the deposition of alumina, trimethylaluminium (TMA) 
and water, (Hoivick et al., 2003 and Stoldt and Bright, 2006). Mayer et al. (2003) conducted 
friction and wear tests with a silicon nitride ball sliding on a flat substrate coated with 10 nm 
alumina coatings. An average coefficient of friction of 0.3 was observed. Notably, a much 
smaller quantity of debris was generated than when the test was run with a native oxide covered 
substrate. However, the authors did not investigate the effect of load on wear or the optimum 
thickness of coatings. 
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Figure 2.13: Illustration of atomic layer deposition (ALD) process (Hoivik et al. 2003). 
 
Another example of an atomic layer deposited coating is TiO2 (titania). Ashurst et al. (2004b) 
described the ALD process and conducted a series of tests with 10 nm thick titania coating. Prior 
to ALD, the tests devices were released into a HCL/HF 1:1 solution. The devices were then 
coated with 1-octadecene to prevent release stiction and oxidation of the silicon during the ALD 
process. The devices/substrates were maintained at a temperature of 350°C, sufficient to desorb 
the octadecene layer prior to deposition. The precursors for titania deposition were titanium 
butoxide (Ti(O-C4H9)4) and water.  
Ashurst et al. (2004b) also investigated the friction and wear properties of titiania by the use of 
two different test devices; a cantilever beam array, and a sidewall friction tester. Tests were 
carried out on surfaces with the following preparations: titania coating, titania coating with 
vapour phase deposited heptadecafluoro-l,1,2,2-tetrahydrodecyltrichlorosilane (VFDTS), UV 
cleaned silicon dioxide as received and silicon dioxide with VFDTS. The increased water contact 
angles with the coating showed its hydrophobic properties. The surfaces coated with titania and 
VFDTS exhibited the lowest average coefficient of friction of 0.13, compared to the value for of 
1.1 for bare silicon. Wear resistance also improved with the addition of the coating, with the 
device lifetime increased by a factor of two compared with uncoated devices. 
Although ceramic coatings significantly reduce friction and wear in MEMS devices, the 
deposition process is expensive. This is because precise ALD conditions are required in order to 
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achieve a uniform film. Also, as with other non-replenishing lubricating methods, the ceramic 
coatings will eventually get worn away following repeated and prolonged use. 
 
2.2.5 Mixed Lubrication: Vapour Phase Lubrication 
A relatively recent suggested method for lubricating MEMS is vapour phase lubrication. This is 
radically different from surface treatments and coatings since it provides the possibility of the 
lubricating film self-replenishing as it is being worn away during operation. The lubricating film 
on these surfaces can, in principle, be replenished either by chemical reaction between the 
vapour and the surface material, or by the physisorption of species from the vapour phase.  
Vapour phase lubrication was first developed for use in macro-scaled devices. Graham and 
Klaus (1986) demonstrated the use of a gas mixture consisting of nitrogen and phosphate esters 
to lubricate hot steel surfaces. The main initial motivation was to develop a lubrication system 
for very hot systems in which excessive liquid lubricant degradation would occur, for example in 
adiabatic diesel engines. The method proved to be effective and was subsequently tested in 
automobile engines. The vapours chemically bonded or condensed on the surfaces of piston rings 
or cylinder liners, and the flow rate could be controlled so that the rate of the film formation was 
equal to the film consumption. That way, unlike liquid, no ―excess‖ lubricant exists and the 
contribution to the exhaust is significantly reduced (Placek and Freiheit, 1993). A considerable 
amount of macro-scale research has been done to determine suitable vapour phase lubricants to 
provide sufficient lubrication for engine components. Two main types of surfaces have been 
investigated: metal alloys (Liu et al., 1998; Hanyaloglou et al., 1995a; Hanyaloglou et al., 
1995b; Sawyer and Blanchet, 1999 and Barnick et al., 1998) and ceramic surfaces (Barnick et 
al., 1998; Kennedy and Agarwala, 1996 and Smith et al., 1995). 
As discussed in earlier sections, the coatings and treatments generally applied in MEMS do not 
self replenish. This means that in high sliding devices the coatings will fail after continuous or 
repetitive usage. Vapour phase lubrication aims to solve this problem of the lack of 
replenishment while also avoiding the redesign or expense involved in applying new forms of 
advanced coating. As with the macro-scale, the principle is that a lubricating film is replenished 
from the vapour phase as it is worn away. This approach implies that the MEMS device must be 
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placed in a sealed chamber, with an inlet and an outlet to vary the flow rate of the vapour phase 
species.  
For MEMS in particular, replenishing from the vapour phase can be extremely effective, as the 
―gaps‖ and ―channels‖ in MEMS are often very small and narrow. Therefore, vapour phase can 
ensure even and efficient distribution and deposition, with little chance of excess lubricant, 
meaning that it is less likely to cause blockages or harm to the environment through disposal. It 
also avoids the ―line of slight‖ limitation that many coating methods have, i. e. the coating only 
gets applied on the ―exposed‖ surface. A considerable amount of research has been carried out to 
explore the feasibility of MEMS vapour phase lubrication. Factors studied include optimal 
component geometry and adaptation of fluid lubricants to operate in the vapour phase (Gellman 
2004; Hook et al., 2005; Neeyakorn et al., 2007 and Perry et al. 2005).  
2.2.5.1 Vapour Phase Lubrication: Results 
One of the first examples of in situ replenishment from the vapour phase in MEMS concerns the 
replenishment of the water film on top of an OTS monolayer coating. Patton et al., (2000) 
conducted this study with an electrostatic lateral output motor device. The authors established 
that in a humid environment, the lifetimes of micromotors were improved compared to a dry 
environment. The same was observed for both OTS-coated and non-coated motors. The range of 
relative humidity (RH) tested was between 30 – 50 %, since above 50% RH the water vapour 
condensed on the specimens, causing undesirable stiction. A separate test was conducted to study 
the role of liquid water. By varying the drive frequency and subjecting the micromotor to a low 
RH of 0.1%, the wear life was found to decrease as the operating frequency increased (illustrated 
in Figure 2.14). The authors proposed that low drive frequency allowed the adsorbed water film 
to be replenished as it was worn away by the slider.  
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Figure 2.14: Graph showing the decreasing number of cycles to failure with increasing 
drive frequency and a schematic illustrating the replenishing mechanism of the adsorbed 
water film (Patton et al., 2000). 
 
Recent developments of vapour phase lubrication have focussed on short chain alcohols. An 
example is n-propan-1-ol vapour, which has been shown to reduce stiction and friction on silicon 
dioxide surfaces. Strawhecker et al. (2005) conducted AFM experiments in a controlled 
environment chamber fitted with a gas handling system to supply and deliver the vapour. This is 
illustrated in Figure 2.15. The vapour supply system consisted of a source of argon or dry clean 
air and two heated bubblers fitted with condensers containing the alcohol. The partial pressure of 
the vapour in the chamber was controlled by varying the flow rates of the argon gas and of the 
alcohol vapour- saturated argon. The argon was saturated with alcohol by flowing it at room 
temperature through the heated bubblers. The vapour was then converted from being super-
saturated to saturated by passing it through the condenser, hence avoiding bulk condensation 
during experiment. This system proved to be successful, and has been used in further studies 
(Asay et al., 2008a, and Asay et al., 2008b). The coefficient of friction and stiction induced 
friction were both found to decrease in the presence of n-propan-1-ol vapour, compared to a dry 
environment. Figure 2.16 a) and b) illustrate the variation of stiction and friction with partial 
pressure respectively. Both graphs illustrate a trend where the ―forces‖ decrease rapidly upon the 
initial increase of partial pressure, followed by a much slower decrease with further increase in 
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partial pressure. (Strawhecker et al., 2005). This suggests only a few monolayers of thickness of 
film are sufficient to reduce friction and stiction. In a recent study, the presence of n-propan-1-ol 
vapours has also been shown to prevent wear (Asay et al., 2008a).  
 
 
 
Figure 2.15: Schematic of the gas handling system and the environment controlled 
chamber for the AFM (Strawhecker et al., 2005). 
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                a)                                                                  b)  
   
Figure 2.16: a) The adhesion force (stiction) plotted as a function of the partial pressure of 
n-propan-1-ol vapour. b) The friction coefficient plotted as a function of the partial 
pressure of n-propanol vapour (Strawhecker et al., 2005). 
 
Another alcohol that has been investigated in the vapour phase lubrication of MEMS is n-pentan-
1-ol. The series of tests were conducted using an environment control chamber with a vapour 
supply system as illustrated in Figure 2.15. Instead of the AFM, the test device used in this series 
of tests was the Sandia sidewall tribometer (MEMS scale device). Prior to exposure to the n-
pentan-1-ol vapour, the sliding surfaces were passivated with an amine-functionalized 
chemisorbed monolayer of tridecafluorotris(dimethylamino)silane, 
CF3(CF2)5(CH2)2Si(N(CH3)2)3, abbreviated FOTAS]. When the alcohol vapour was introduced, 
the lifetime of the test device was found to increase by up to 4 orders of magnitude (Figure 2.17) 
(Asay et al., 2008a). N-pentan-1-ol vapour was shown to exhibit much lower capillary adhesion 
force than water vapour, due to its lower surface tension and a larger molecular size. The 
capillary adhesion force was 75 nN even at 95 % saturation of vapour, which is well within the 
capabilities of on-chip actuators. In the presence of the vapour, the coefficient of friction 
decreased by an order of five at saturation (Asay et al., 2008b).  
The recovery of low friction upon re-introduction of n-pentan-1-ol vapour was also observed in 
the sidewall tribometer tests, proving that the vapour can re-start (un-stick) failed MEMS device 
in alcohol environments. In the tests, when the supply of n-pentan-1-ol was ceased, the device 
seized. As shown in Figure 2.18, after 6.65 million cycles with a partial pressure of n-pentan-1-ol 
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of 95 % (point A), the MEMS device was stopped by the user and the chamber is purged with 
nitrogen to remove the vapour. The device was re-started and it failed after 10000 cycles (see 
insert for the close up of the events following the removal of the vapour). The contacts were then 
separated and pentanol vapour re-introduced (point B). The device then re-started and ran for a 
further 16 million cycles before the test was halted by the user (Asay et al., 2008b). 
In order to further understand the surface chemistry, the authors also conducted linear wear tests 
using a ball on flat tribometer with a 3 mm diameter quartz sphere and 1 cm
2
 flat (100) silicon 
specimens covered with 20 angstroms of native oxide. These specimens were chosen so that, 
after the wear tests, the surfaces could be analysed using time-of-flight secondary ion mass 
spectrometry (TOF-SIMS) The tests were conducted in the environment chamber set up 
described above. By introducing the vapour at 8% of saturation pressure, the friction behaviour 
was ―stable‖ and no wear debris was observed. TOF-SIMS analysis showed that high molecular 
weight oligomers species were present in contact region, suggesting that tribochemical reactions 
had occurred between the alcohol vapour and the surface during sliding (Asay et al., 2008a and 
Asay et al., 2008b). 
 
 
Figure 2.17: Graph showing the increased device life time in the presence of n-pentan-1-ol 
vapours (Asay et al., 2008a). 
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Figure 2.18: Graph illustrating the “restart” of device. Following the removal of pentanol 
vapours, the device stops. With the re-introduction of vapours, the device is restarted (Asay 
et al., 2008b). 
 
The wear behaviour of silicon under n-pentan-1-ol vapour condition has been studied further by 
Barnette et al. (2009a). The authors again showed experimentally that pentanol vapour prevented 
wear on silicon surfaces but also carried out a molecular dynamics study to gain insights into the 
tribochemical processes involved. It was concluded that the superior anti-wear property of 
pentanol and other alcohols is due to the alkoxide termination of the native silicon oxide on the 
surface. This increases the activation energy of the adjacent Si-O-Si bonds compared with 
hydroxide terminated surface. The authors further investigated the structure and orientation in 
the adsorbed layer on silicon oxide resulting from adsorption of alcohol species from the vapour 
phase. Their measured layer thickness is plotted against vapour pressure in Figure 2.19 a). From 
0 to 10 % of saturation pressure, the film grows rapidly with increasing pressure. Upon further 
increase in vapour pressure, the thickness only increases slightly until condensation occurs as 
vapour saturation is approached. 
The tilt angle of the alkyl chain is also influenced by the coverage/vapour pressure. Figure 2.19 
b) shows that at low vapour pressure, the alkyl chains are almost flat on the surface (at 90 ° with 
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respect to the surface normal). This corresponds to low coverage, as this orientation allows 
maximum interaction between the molecule and the surface. As the vapour pressure is increased, 
the chains tilt towards 40 ° with respect to surface normal, as a result of increased coverage 
where the alkyl chains have more intermolecular interactions. The opposite is observed for the 
OH group dipoles, which exhibit near perpendicular orientation to the surface at low 
coverage/vapour pressure. As the vapour pressure increases, the orientation tends towards 50° 
with respect to the surface normal. This is in good agreement with density functional theory 
(DFT) calculations (Barnette et al., 2009b).  
 
           a)                                                                  b) 
 
Figure 2.19: a) Adsorption isotherm thickness for alcohol layers on silicon dioxide as a 
function of alcohol partial pressure relative to saturation pressure. b) Average tilt angle of 
alkyl chains with respect to surface normal for adsorbed alcohol layers as a function of 
alcohol partial pressure relative to saturation pressure (Barnette et al., 2009b). 
 
2.2.6 Hydrodynamic Lubrication: Liquid Lubrication and Its Use in MEMS 
Liquid lubrication is very commonly used in macro-scale machines. The liquid provides two 
types of lubrication. Hydrodynamic lubrication results from liquid entrainment, and boundary 
lubrication, which occurs when additives present in the liquid adsorb or react with the rubbing 
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surfaces. Both of these types of lubrication are self replenishing since new fluid is being 
continuously entrained into the contact.  
In micro-scale devices, liquids are often discarded as a practical provider of lubrication, as they 
are often assumed to create too much drag. As a result, only a small amount of literature had 
been published previously on the subject. One of the main tasks of the current project is to 
explore the possibility and feasibility of fully submerged hydrodynamic and also boundary 
lubrication in MEMS.  
2.2.6.1 Early Work on Hydrodynamic Lubrication in MEMS 
Mehregany and Dhuler (1992) were the first to successfully operate micromotors submerged in 
liquid. It was found that the larger the di-electric constant of the liquid, the greater the torque in 
the motor. The maximum operating speed of micromotors in liquids was heavily restricted as a 
result of the increased drag. Even with the drag being dominant, running a micromotor (radius at 
50 μm) fully submerged in 20 cS silicone oil resulted in a low frictional torque at 0.1 pNm (Deng 
et al., 1993), which is an order of magnitude reduction from about 1 pNm when running 
unlubricated (Bart et al., 1993). However, the drag force caused ―overdamping‖ in the 
micromotor, with the viscous drag believed to be dominant (Deng et al., 1993 and Deng et al. 
1994). In addition to reducing friction, 20 cS silicone oil was found to remain effective (no need 
for increasing the operating voltage) for up to 12 x 10
6
 cycles at 1200 rpm, but the maximum 
speed was restricted (Garcia and Sneigowski, 1995). Dhariwai and Flockhart (1999) modelled 
the hydrodynamic load support of a MEMS stepped bearing in a microturbine and found that it 
was sufficient to provide a fluid film. However, no experimental friction investigation was 
carried out. 
2.2.6.2 MEMS Lubrication by Ionic Liquids 
Since fully submerged hydrodynamic lubrication of MEMS has been ignored, lubrication 
mechanisms involving liquids have generally been confined to thin liquid films. In particular, 
ionic liquid films have been proposed for use in MEMS applications. 
Ionic liquids are liquids at room temperatures, unlike most ionic compounds, which are solid at 
room temperature. This is due to the composition of bulky, asymmetric organic anions and/or 
cations, which inhibits crystalline packing. The physical properties of an ionic liquid can be 
―tuned‖ by the selection of anion and cation. Other desirable properties of ionic liquids are low 
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vapour pressure and low combustability (Cione, 2007). The very low vapour pressure means that 
very thin films of ionic liquids on surfaces do not rapidly evaporate, as would be the case for 
molecular liquids. This makes thin films of ionic liquids potentially suitable for MEMS devices. 
To coat the MEMS devices with ionic liquid films, as soon as devices are released, cleaned and 
dried, the devices are placed in a solution containing the ionic liquid. They are left in the solution 
for some time. Afterwards, the devices are washed repeatedly with an alcohol followed by 
drying with compressed air. 
The tribological properties of ionic liquid films lubricating sliding silicon surfaces were studied 
by Nainaparampil et al. (2007). The chemical structures of the ionic liquids studied are 
illustrated in Figure 2.20. Liquids composed of pyrrolidinium cations with longer alkyl chains 
reduced friction and wear considerably, and the six member pyridinium ring (on cation) 
performed better than the five member imidozolium ring in friction reduction. Hydrogen 
terminated surfaces showed an order of magnitude reduction in friction and wear (from 0.3-0.8 
to 0.01 -0.03), suggesting the presence of a bonding mechanism which improves the bonding of 
the cation to the surface. The authors suggested a reaction mechanism where the hydrogen on the 
silicon surface is replaced by the cation of the ionic liquid. 
 
 
Figure 2.20: Chemical structures of the ionic liquids studied by Nainaparamil et al. (2007). 
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As mentioned above, the properties of ionic liquids can be varied by selecting different 
combinations of cation and anion during synthesis. Mo et al. (2008) studied the effect of the 
cation on the friction and wear behaviour of ionic liquid films on hydroxyl-terminated single 
crystal silicon. Four different ionic liquids, with methyl, hydroxyl, nitrile, and carboxyl groups 
on the cation were synthesized for the investigation. These liquids have a common anion, 
chloride. The chemical structures of the ionic liquids studied are illustrated in Figure 2.21. 
Topography results show that all the films coated the surfaces uniformly. The presence of ionic 
liquid films reduced friction, with the ones having nitrile and methyl functional groups on the 
cation resulting the lowest friction and adhesion. The nitrile and carboxyl functional groups were 
found to give low micro-scale friction coefficients and long durability. 
 
 
Figure 2.21: Chemical structures of the ionic liquids investigated by Mo et al. (2008). 
 
The effect of the anion on the properties of the ionic liquid was studied by Zhao et al. (2009). 
Four different ionic liquids were studied, each with a different anion (hexafluorophosphate, PF6, 
tetrafluoroborate, BF4, perchlorate, ClO4 and nitrate, NO3), with a common cation, 1-butyl-3-
methylimidazolium, (BMIM) (Figure 2.22). The adhesion, micro/nano-tribological 
characteristics of the liquid films were investigated, and the results were compared with samples 
coated with perfluoropolyethers (PFPE), trade name Zdol-3800. The liquid with the PF6 group 
had been shown to perform the best in friction reduction and anti-wear performance. In the 
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microscale (steel ball on flat set up), the anti friction and anti wear performance was attributed to 
the rigid cycle structure and the anion in the ionic liquid, with PF6 performing the best, even at 
higher loads. However, in the nanoscale (AFM tests), the performance was dependent on the 
flexibility and surface energy of the liquid film. High surface energy means that meniscus 
formed more easily, hence leading to high adhesion due to the hydrogen bonding between 
adsorbed water molecules and the surface, and capillary forces. Once again, the liquid with the 
PF6 group performed the best.  
 
 
Figure 2.22: Molecular structure of the ionic liquids studied by Zhao et al. (2009). 
 
Patton et al. (2008) explored the performance of gold and platinum nano particle liquids (NPLs). 
The ionic liquid, consisting of the anion mercaptoethanesulfonate (MES) (HSCH2CH2SO3−), and 
the cation quaternary ammonium (CH3NR3), where R = C10 to C12 acted as the corona, i. e. the 
―base‖ fluid holding the nano particles. These lubricants were used in gold switch contacts (tests 
conducted with an electrode and a wafer both sputtered with gold). NPLs lubricated surfaces 
exhibited excellent electrical performance and durability compared to SAMs based switch 
lubricants, reportedly due to the nanoscale surface roughness that spreads current through 
multiple nanocontacts. The restricted size of melting regions prevented switch shorting during 
contact opening. The improved thermal and electrical conductivity meant that lubricant 
degradation was reduced. Auger spectrum results obtained from the worn electrodes showed that 
NPLs exhibit self replenishing properties by flowing into the contact from surrounding areas. 
In general, ionic liquid films behave in a similar manner to solid films. In sliding contacts, these 
liquid films reduce friction and increase the lifetimes of the devices. As with solid films, they 
eventually get worn away, due to the lack of replenishment. A method to provide replenishment 
Lubrication of High Sliding Silicon Micromachines 
I. S. Y. Ku Chapter 2: Literature Review 
 
68 
 
in these liquid films is to produce a liquid film containing bound (covalently bonded to surface) 
and mobile (physisorbed) molecular species. One example of such semi-mobile liquid film that 
is currently widely used to lubricate hard disc surfaces is Fomblin Zdol, a 
perfluoropolyalkylether (PFPAE) with two terminal-CH2-OH functional groups, which can react 
with surfaces to bond covalently to the surface. In a typical dip coated surface with PFPAE, both 
bound and mobile species exist. Tests were conducted with this a type of fluid on silicon surfaces 
using both normal coatings and coatings where the mobile species had been removed. The 
presence of the mobile phase was found to increase the lifetimes of the surfaces by up to seven 
times and halve the average friction coefficient, compared with coatings having only bound 
phase species (Eapen et al., 2002).  
 
2.2.7 Summary of the State of the Art Methods of Lubricating MEMS 
Many different methods have been studied for lubricating MEMS devices. Coatings have been 
widely investigated. The most common of such coating is organic monolayers that provide a 
hydrophobic surface on silicon, which reduces capillary effects. Another advantage of 
monolayers is that there is no drag, which is often present if the rotating parts are allowed to run 
in liquid environments. However monolayer coatings are worn away easily, and are therefore 
unsuitable for applications with high amounts of sliding. To overcome this problem, hard 
coatings such as ceramic coatings or tungsten coatings are used instead. These coatings also 
provide hydrophobic surfaces and are much more durable than monolayers. During prolonged 
sliding, the coatings will however, also get worn off eventually, due to the lack of replenishment. 
Another disadvantage of hard coatings is the cost of current coating processes, which often 
require high temperature treatments and precise control of chemical reactions. 
To provide replenishment and overcome the need of precise application conditions associated 
with coatings, vapour phase lubrication has been suggested. Vapours can distribute evenly on 
surfaces through the thin channels in MEMs. The lubricating film can be replenished from 
species in the vapour phase as it is being worn away. The only disadvantage is that the device 
must be placed in an enclosed chamber. These conditions are easier to maintain, as unlike hard 
coatings, there is no need to provide high vacuum for long periods and to isolate certain ambient 
chemical species. Vapour phase lubrication has proven to be a very efficient method for 
lubricating MEMS, although it is not yet in practical use. Further research is required on the 
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variety of chemicals which can be adapted to operate in the vapour phase. Currently, a large 
amount of research is focused on the film formation and the surface chemistry of lubricating 
films that are formed and replenished by species in the vapour phase. 
Another self-replenishing approach that may have future potential in MEMS is liquid lubrication 
to provide hydrodynamic and/or boundary lubrication. This is by far the most common 
lubrication approach in macro scaled applications. However, only a small amount of work has 
been done on the testing and analysis of liquid lubrication in MEMS. The common conclusion 
was that the drag caused by the liquid became dominant over the other forces, leading to 
problems such as limiting the maximum operating speed of moving parts. As a result, liquid 
lubrication has been generally dismissed as a possible way to lubricate MEMS. Currently, the 
bulk of literature concerning MEMS lubrication involving liquid is confined to thin liquid films, 
most notably films of ionic liquids. As discussed previously, there had been evidence of friction 
reduction and sustainability of using liquids as a lubricant for sliding MEMS, but with liquids of 
relatively high viscosity. Furthermore, the computer model of a stepped bearing had shown that a 
liquid lubricating film is possible in MEMS. There is a potential in submerging the sliding 
contact in liquids of low viscosity, with the aim of providing continuous lubrication as well as 
reducing viscous drag.  
 
2.3 METHODS OF QUANTIFYING FRICTION IN MEMS 
 
A large number of experimental methods have been employed to study friction and stiction 
between two MEMS surfaces. These include commercially available instruments such as atomic 
force microscopy and pin/ball on disk tribometers. Both of these methods make use of a probe or 
a pin/ball sliding over a flat surface, as most MEMS contacts are non-conformal. However, they 
do not necessarily provide a realistic simulation of contact geometry for MEMS. Real contacting 
MEMS surfaces are fabricated by micromachining, and tend to involve specific surface 
characteristics with quite low contact pressures. As a result, there are also instruments or 
tribometers that are designed to better simulate MEMS contact conditions, by providing contact 
conditions with the appropriate scaling effects (large surface to volume ratio) and contact 
geometry closer to what are actually experienced in MEMS. As these tribometers are custom 
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built by research groups, the possibilities are endless and there are many different such 
tribometers varying in the geometry, force sensing mechanisms and the properties measured. In 
this section, instruments/tribometers especially made for investigating the tribological 
characteristics of MEMS surfaces are reviewed. 
 
2.3.1 Commercial Instruments and Methods 
2.3.1.1 Atomic Force Microscopy (AFM) 
A very widely used experimental technique for studying friction and adhesion between MEMS 
surfaces is atomic force microscopy (AFM). This was first developed by Binnig et al. (1986) and 
is a scanning probe method that measures topography and lateral force in sliding contacts. The 
probe is usually in the form of a cantilever beam with a sharp tip at the free end, with the other 
end fixed to a structure. This is a similar set up to the macro-scaled stylus profilometer, for 
example, the Talysurf. Figure 2.23 illustrates the operating principle of the AFM. The tip is first 
brought into contact with the sample, and then the tip slides over the sample gently in a rastering 
motion. During sliding, the top end of the tip will displace in the normal direction and the lateral 
direction due to bending of the cantilever. These displacements are measured by optical 
inferometry. The cantilever is moved up and down using a piezo device so as to maintain a 
constant normal force. This up/down motion is measured and logged to provide a map of the 
constant normal force surface, which represents a map of topography. The lateral deflection map 
is taken to represent a map of friction across the surface.  
AFM is widely used in the field of MEMS tribology. However, there are some issues. As the 
contact between the tip and the sample is a point surface contact, this does not accurately 
simulate the contact conditions experienced by MEMS devices. It is also not necessarily true that 
both of the contacting surfaces are fabricated by MEMS fabrication (Guo et al., 2009). It is 
possible for the atoms to be transferred from the tip to the surface and vice versa over the course 
of sliding. This can qualitatively change the actual lateral force encountered resulting from the 
sliding (Bennewitz, 2007). There is also the possibility of cross-interference between the lateral 
frictional force signals and the normal force signals, as well as the small misalignments causing 
significant force measurement errors (Desai and Haque, 2005).  
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Figure 2.23: Working principle of the AFM. Based on Figure 5 in Guo et al. (2009). 
 
2.3.1.2 Other Commercial Tribometers 
Most commercially available MEMS tribometers, like the AFM, are ―miniaturized‖ versions of 
their macro-scaled counterparts. These tribometers have interchangeable contact geometries and 
automated computer programs which control the testing process, acquire data and process data. 
A widely used example of such tribometer is the Nano and Micro Tribometer, UMT-2, made by 
CETR, CA, USA. Similar tribometers are also produced by CSM Switzerland and Tetra, 
Germany. 
The CETR UMT-2 is specifically designed for MEMS scale tests. A nano model, UMNT-1 is 
also available, which works in a similar manner to UMT-2. Figure 2.24 shows a picture of the 
UMT-2 tribometer. The ―upper and lower drives‖ of the tribometer are interchangeable, to 
provide both rotary and linear reciprocating motions. It is unique that the normal force is 
provided by servo control motors, and not dead weight, so that close loop feedback monitoring 
of the normal force during testing is possible. An environment chamber is also incorporated into 
the system so that vacuum, controlled humidity and gaseous conditions can be provided for tests 
(CETR Inc., 2006-2010). The range of applied normal load is 1 mN to 200N (or 1 µN to 10 N 
for the nano model). The friction force sensors are capable of measuring down to the order of µN 
for both models. The user can run a variety of tests, such as friction against load, friction against 
speed or wear tests (CETR Inc., n. d.). The computer program acquires and processes data in situ 
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with the tests. The following contact geometries are possible (CETR Inc., 2006-2010 and CETR 
Inc., n. d.): 
 Pin/ball on disk.  
 Disc on ring or ring on disc with either or both rotating. 
 Pin/ball on plate with either a reciprocating, rotating or stationary upper pin against a 
linear reciprocating or stationary plate. 
 Flat-on-flat with self aligning specimen holders and at least one of them linear 
reciprocating; both of them linear reciprocating in perpendicular axes; and programmable 
frequencies of reciprocation of the two flats. 
 
While the variety of possible experimental set up is desirable, there are certain limits within the 
tribometer. The maximum rotation speed is 5000 rpm (UMT-2), and linear speed is 10 mm/s 
(CETR INC., n. d.), which is low compared to some MEMs applications, up to 30,000 rpm.  
 
 
Figure 2.24: CETR Nano and Micro Tribometer (CETR Inc., 2006-2010). 
 
These commercial tribometers have the advantage of being compliant with international 
standards. The testing procedures are therefore widely approved and the results are presumed to 
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be more accurate. However, with these tribometers, only one or neither of the contacting surfaces 
can be fabricated from MEMS technology. Therefore, it is not possible to accurately simulate 
MEMS conditions. 
 
2.3.2 Custom-built Instruments/Tribometers 
A large number of MEMS tribometers have been custom built by research groups. In many 
cases, both of the contacting surfaces are fabricated by MEMS technology, hence giving more 
realistic simulations of MEMS contact conditions. 
2.3.2.1 Traditional Tribometers - Optical or Mechanical Measurements 
Beerschwinger et al. (1994) built a MEMS tribometer specifically to study the effect of surface 
topography on wear in MEMS devices. The specimens are held in drilled holes in circular 
arrangement, and up to 80 specimens of varying topographies can be tested simultaneously. A 
drawing of the specimen holder is shown in Figure 2.25. In a given test run, the specimens on the 
holder must all either be bare or coated with the same coating (DLC, silicon dioxide or silicon 
nitride). By placing the specimens in different circular tracks, it is possible to achieve different 
sliding distances with the same number of revolutions of the counter surface (e. g. silicon wafer). 
This is especially useful for evaluating the wear rates. The specimen holder is loaded downwards 
against a countersurface which is a silicon wafer of two inches in diameter (bare or with 
coating). The wafer is mounted on a rotating stage. Figure 2.26 illustrates the test rig set up. The 
authors concluded that the wear rates are either dominated by asperity fracture or asperity 
deformation. Although this test rig set up can obtain results for wear rates efficiently, the authors 
did not mention the use of a sealed environment chamber or varying the ambient conditions, 
which can influence the performance of some coatings. Several studies have found that the 
change in conditions such as humidity and the presence of oxygen can affect the friction and 
wear reduction abilities of coatings such as DLC (Smallwood et al., 2006).  
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Figure 2.25: Specimen holder (Beerschwinger et al., 1994). 
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Figure 2.26: Schematic of test rig (Beerschwinger et al., 1994). 
 
Gatzen and Beck (2003) constructed a custom-designed pin on disk tribometer. It was designed 
specifically to measure the friction between the magnetic head (read/write head) and the surface 
of a hard disk. It consists of a rotary stage which holds the disk sample, a suspended flexure with 
the ―head‖ (pin) on the free end, a motor driving the rotary stage and a friction force 
measurement system. The schematic of the set up is shown in Figure 2.27. The normal load is 
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applied by a linear stage connected to the head and its magnitude is determined by the vertical 
displacement of the head. The frictional load is measured by a commercial optical force-sensing 
system. It consists of a spring system mounted adjacent to the head, to measure the deflection of 
the flexure in the lateral direction. There are two possible surfaces for the interchangeable head. 
One has a machined flat surface, while the other is fabricated with three round spots to simulate 
three point contact. The measuring scope of this device is limited to the order of mN, therefore, it 
cannot realistically simulate MEMS conditions where the forces are smaller in magnitude. The 
authors only conducted tests at slow speeds, with each revolution taking 330 s, therefore, the 
suitability for testing at higher sliding speeds is unknown. 
 
 
 
Figure 2.27: Schematic of custom built pin on disk tester (Gatzen and Beck, 2003). 
 
Patton and Zabinski (2002a) designed an advanced ball-on-disk test rig for studying MEMS 
materials. Many parameters can be measured in situ with this test rig, including kinetic friction, 
electrical contact resistance, acoustic emission, perpendicular ball displacement, wafer surface 
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reflectance and low-frequency friction oscillations (LFFO). A schematic of this test rig is 
illustrated in Figure 2.28. A 440C steel ball of 1.6 mm diameter is mounted at the end of a 
cantilever, which is supported by a spring and has strain gauges mounted on it. The ―disk‖ is an 
n-type polysilicon wafer. It is mounted on a wafer holder which is attached to a goniometer. The 
ball is loaded against the wafer via the load spring. A normal load of 10 g is applied, resulting in 
a contact radius of 8 μm and a contact stress of 500 MPa. The goniometer rotates at about 0.8 
Hz, which gives a resulting sliding velocity of 30 mm/s. Each experiment is run for 2.5 mins, 
which corresponds to 120 revolutions of the wafer. These experiments are run in air at 22 ± 1 °C 
and an RH of 50 ± 5 %. The friction forces are measured by the strain gauges on the cantilever 
arm in a half-bridge configuration. The coefficient of friction was determined by dividing the 
friction force by the static normal load. The set up with the ball, cantilever and the strain gauge 
can be incorporated into this equation of motion (Equation 2.1): 
0
2
2

dt
xd
m
dt
dx
kxF   (2.1) 
where, F is the―real‖ friction; β is the damping coefficient, k is the spring constant; x is the 
displacement; t is the time and m is the effective mass. 
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Figure 2.28: Schematic of the advanced ball/pin on disk tribometer (Patton and Zabinski, 
2002a). 
 
A laser and detector system is incorporated in the tribometer illustrated in Figure 2.28 to measure 
the in situ wear of the wafer. A schematic of the set up is shown in Figure 2.29. The aim was to 
measure the relative amounts of specularly and diffusely scattered light from the wafer during 
the experiments. A worn (rougher) surface has been known to produce more diffuse reflection 
than unworn surfaces (Patton and Zabinski, 2002a). As shown in Figure 2.29, the laser beam is 
incident at an angle of 45 ° with respect to the normal, and the detector is positioned at the same 
angle to capture the reflected light. The optical method only determines whether wear has taken 
place and does not quantify wear. Therefore, a capacitance sensing device is mounted on the 
cantilever to monitor the position of the ball relative to the disk. In this way, a measure of wear 
depth can be given, and debris build-up detected. 
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a) 
Unworn smooth surface
 
b) 
Worn rough surface
 
Figure 2.29: Schematic illustration of a) specular reflection from unworn smooth surface, 
and b) diffuse reflection from a worn and rough surface Based on Figure 2 of Patton and 
Zabinski (2002a). 
 
In most microtribometers, alignment is an issue, particularly those with flat-on-flat contact. 
Varenberg et al. (2006) developed a practical solution which is easy and cheap to implement. 
The set up of their tribometer is illustrated in Figure 2.30. It consists of a force sensing, four-leaf 
spring arrangement, along with fibre optic sensors. The alignment mechanism involves the upper 
and lower specimens being held on thread clamps suspended by threads in tension, which allows 
the samples to self-align. Video zoom optics is employed to visualize the actual contact region. 
The results have confirmed that the self-aligning set up works well. The force results show that 
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the applied load has no effect on the pull off force and that the friction is proportional to the 
applied load. 
 
 
Figure 2.30: Self –aligning system of holders and 4-leaf force sensing spring in the 
homemade tribometer (Varenberg et al., 2006). 
 
All of the above instruments use optics to measure deflection and thus determine normal and 
lateral forces. There are not many examples of custom built tribometers which utilise more 
traditional mechanical force sensing methods, such as load cells and springs. These are often 
seen as ―too large‖ for MEMS scaled applications, and are presumed to be difficult to implement 
in small test systems. There is, however, another approach, which is to use electrostatic actuation 
and capacitance force sensing to apply and measure displacements. 
2.3.2.2 Instruments Driven by Electrostatic Force and Employ Capacitance Force Sensing 
In this group, all the contacting surfaces and other parts are fabricated by MEMS fabrication 
techniques. A group of those are fabricated on one single chip, where the loading mechanism, 
clamping structure and forces are all integrated on a single chip. The technique utilised by this 
group is known as ―on-chip‖ testing. 
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To investigate sliding contacts in MEMS, an Electrostatic Lateral Output Motor device with a 
reciprocation range of 10 μm was developed (Patton et al., 1999). The system is driven by a 
curled cantilever system, illustrated in Figure 2.31. A link arm connects the tip of the cantilever 
and lateral output slider by floating hinges. The hinge system converts the vertical motion of the 
cantilever to lateral motion. The system is activated by applying a voltage across the cantilever 
and underlying conductive substrate. An alternative set up of the system involve breaking off the 
link and hinge system, so that the effects and losses of the link system can be determined. The 
device is enclosed in an environment chamber so that the test conditions can be controlled. 
Various instrumentations make up a system to facilitate humidity control, motion control, 
imaging and data acquisition, a schematic of which is shown in Figure 2.32. The system can run 
in two operating modes: quasi-static and dynamic. In the quasi-static mode, a DC supply is 
connected directly to the system. The voltage is increased from 0 V until the cantilever actuates 
downwards and comes to rest in a static position against the substrate surface. As shown in 
Figure 2.31, these voltages are representative of the forces on the system. The authors did not 
specify or quantify the stiction or coefficient of friction. However, in the dynamic mode, the 
system could be connected to a power transistor which provides a square wave, along with a 
signal generator and DC power supply. This way reciprocating motion can be created and the 
durability of the surfaces can be evaluated. In dry environments at 0.1 % RH, excessive wear 
occurred and the devices failed after 1000 cycles. At 50 % RH, however, the absorbed water 
provided lubrication and negligible wear was observed, with the motor running for around 10
9
 
cycles without failure. At 90 %, the amount of water was excessive and caused stiction.  
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Figure 2.31:Schematic of the MEMS Electrostatic Lateral Output Motor showing the 
different forces (Patton et al., 1999). 
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Figure 2.32: Diagram illustrating the system of instruments which facilitate humidity 
control, motion control, imaging and data acquisition (Patton et al., 1999). 
 
A sidewall friction measurement device was developed by Senft and Dugger (2001) at Sandia 
Laboratories. The in-plane mode contains a hemisphere to create a sphere on flat contact 
geometry (Figure 2.33). The normal load application and reciprocating motion are both provided 
by comb drives. The normal applied load is dependent on the applied comb drive voltage while 
the frictional force is determined from the deflection of the beam and springs in the system. 
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Figure 2.33: SEM image of the contacting elements in the sidewall device (Senft and 
Dugger, 2001). 
 
Desai & Haque (2005) developed an on-chip MEMS tribometer, which is sufficiently small so 
that the testing can be carried out inside electron microscopes, where the process can be viewed. 
The tribometer has a normal resolution of 100 nN and a lateral resolution of 1 nN, with a 
bandwidth of 50 kHz. The system is driven by a set of comb drive capacitors. A schematic of the 
set up is illustrated in Figure 2.34. A floating beam in the centre is supported by four spring 
beams, which act as an in-plane torsional spring to provide the normal load. The top surface is 
coated with mica to provide a smooth surface for friction measurements. The deflections of the 
set up in the normal and lateral directions quantify the applied normal load and frictional force 
respectively. Both of these deflections are measured by capacitance-based force sensors.  
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Figure 2.34: Schematic of the very small tribometer (not to scale) (Desai & Haque 2005). 
 
Nistorica et al. (2005) developed an on-chip device specifically for ALD hard coatings. The set 
up is small enough to be easily enclosed within an environment chamber to allow humidity 
control. Two bent-beam actuators are used to apply the forces required to create relative motion 
between the contacting surfaces. This is achieved by applying a time-dependent voltage across 
the actuator. The lower actuator provides a force to keep the central beam upright, while the 
upper actuator exerts a force to overcome the static friction force between the surfaces. The set 
up is shown in Figure 2.35. Rather than applying a fixed time-dependent voltage, the applied 
voltage is increased in increments until the contacting surfaces slip. These voltages are then 
recorded and used to evaluate the coefficient of friction. The results from the tests showed stick-
slip behaviour in all cases.  
 
 
Figure 2.35: Enclosed thermally actuated friction microtester (Nistorica et al., 2005). 
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Guo et al., (2007) developed a micro-tribometer which consists of two comb drive actuators, as 
illustrated in Figure 2.36 a). Actuator A provides the reciprocating movement required to 
generate friction while Actuator B provides the normal load. By applying a biased voltage on 
Actuator B, its tip is brought into contact with the extended horizontal arm of Actuator A. Figure 
2.36 b) provides a detailed illustration of the set up. The normal load range is between 0 μN to 
350 μN, which is adjustable by varying the voltage on Actuator B. By applying a ramping DC 
voltage or biased sine voltage on Actuator A, quasi-static or dynamic friction tests can be carried 
out respectively. The ratio of frictional force to normal force can be evaluated from their 
respective voltages via calibration. 
 
 
Figure 2.36: Schematic of the micro-tribometer: a) the comb drive set up, and b) 
enlargement of portion C-the contacting surfaces (Guo et al., 2007). 
 
There are many custom tribometers which make use of electrostatic actuation, with the force 
sensing methods/mechanisms commonly done by capacitance sensing. These are more 
complicated in design, compared to mechanical sensing methods, but theoretically, they give a 
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higher resolution force measurement and provide contact conditions which are close to those in 
real MEMS devices. The smaller size also means that the entire set up can be easily enclosed in 
an environment chamber and they also make use of the electromechanical capabilities of MEMS. 
However there are problems associated with interference, especially of the capacitance sensing 
and these become greater as the design becomes more complex. Also after a test, in addition to 
the rubbing surfaces, contacting surfaces in the circuitry are worn, the entire structure including 
the driving force mechanism must be replaced. This is unlike more traditional tribometer 
designs, where only the actual test specimens with the contacting/rubbing surfaces need to be 
changed between tests and places a strong requirement to manufacture the MEMS test 
pieces/devices cheaply and reliably. 
2.3.2.3 Other MEMS testers 
A cantilever beam array (CBA) was developed by Mastrangelo and Hsu (1992), to study the 
work of adhesion between two surfaces and this has become the test rig of choice described in 
many MEMS tribology publications (for examples, publications by the authors Maboudian, 
Ashurst, Carraro, etc). The set up consists of an array of cantilever beams of various lengths that 
are parallel to the substrate surface, and anchored to the substrate at one end (Figure 2.37). The 
beams and substrate are fabricated using sacrificial etching techniques.  
 
a)                                                                  b)   
 
Figure 2.37: Schematic of CBA: a) the array of beams, and b) side view of a beam 
(Maboudian and Carraro, 2004). 
 
Upon the wet removal of the sacrificial layer and drying, the large capillary forces deflect the 
beams causing them to contact the substrate. In the dry set ups, adhesion forces hold the beams 
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against the substrate with a certain interfacial energy. Alternatively, an electrostatic actuation 
system can be incorporated to bring the beams into contact with the substrate. Once the actuation 
force is removed, the beams will try to peel themselves off the substrate (Maboudian and 
Carraro, 2004). Figure 2.38 illustrates a cross section of a cantilever beam with the various 
forces acting on it. For beams shorter than a characteristic length (the so-called ―detachment 
length‖, ld), their stiffness will be sufficient to prevent them from contacting the substrate in the 
first place, or will free them shortly after the release or after removing the actuation force. Beams 
that are longer than the characteristic length will remain adhered to the surface, but only the tip 
of the beam will touch the surface. By balancing the elastic energy stored in the beam with the 
beam-substrate interfacial energy, the work of adhesion between the two surfaces (γs) can be 
calculated in terms of the Young’s modulus, E, the spacing between the beam and the substrate, 
h, the thickness of the cantilever beam, t and the detachment length, ld (Equation 2.2). 
4
23
8
3
d
s
l
hEt
  (2.2) 
To validate the results, hydrophobic and hydrophilic substrates were prepared, and the 
detachment lengths of both sets of substrates were measured. 
The surface energy values obtained were between 140 and 145 mJ/m
2
. The values for 
hydrophobic and hydrophilic surfaces are almost identical, suggesting that a hydrophilic oxide is 
present between the surfaces with both types of surface. These values of surface energy are 
almost twice the value of the surface tension of water; therefore, the surface energy measured is 
consistent with the energy of a thin film of adsorbed water holding the two surfaces together. 
This provides one confirmation of the reliability of the method. 
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Figure 2.38: Illustration of the cross section of a cantilever beam adhering to its substrate 
(Mastrangelo and Hsu, 1992). 
 
The CBA technique is an excellent choice when only the MEMS surface forces are to be 
measured. However, the CBA does not include a sliding mechanism. This means that the sliding 
performance of surfaces must be evaluated in a separate device, making it difficult to make a 
direct comparison. 
 
2.3.3 Summary of the Various Methods for Quantifying Friction and Wear in MEMS 
There are many methods of measuring the tribological properties of MEMS materials. The 
methods are divided into two main groups: commercially-available test instruments and custom-
built instruments.  
The commercially-available AFM is commonly used in evaluating the friction and topography of 
MEMS surfaces. A large number of projects have used this method and it gives high precision 
measurements. Another group of commercial MEMS tribometers are similar to conventional 
macro scaled tribometers, with scaled-down contact geometries, such as tiny ball-on-disc 
tribometers. These tribometers are often compliant with international standards and therefore 
presumed to give reliable results. With these tribometers, a common problem is that the contact 
geometries may not properly simulate conditions representative of MEMS, due to the size or that 
the samples are not fabricated with MEMS technology. In particular most use a non-conforming 
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rather than a conforming geometry, resulting in higher contact pressures than generally present 
in MEMS. Also, the upper entrainment speed limits of these tribometers are generally quite low, 
and therefore cannot be used to investigate the properties of MEMS materials under high speed 
conditions likely to be present in high sliding MEMS. 
Many research groups have developed their own custom-built tribometers to study MEMS 
tribology. These are usually designed so that both of the contacting surfaces can be fabricated 
with MEMS technology and have delicate force sensing mechanisms. The majority of these 
devices are designed for friction and wear evaluation; with many of them making use of 
capacitance sensing and electrostatic actuation. However this can lead to complex circuitry, and 
can cause interference during measurements. Therefore in several custom-built tribometers 
forces are detected via elastic deflections measured using optical lever methods, similar in 
principle, to that used in the AFM. Alternatively, the forces are detected with load cells, as used 
in most modern macro-scale tribometers. 
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Chapter 3:   Experimental Methods 
3  
This chapter gives a detailed description of the experimental design and test procedures used. 
The tests in the project have all been carried out with a specially-designed and constructed 
MEMS tribometer. The design process and the possible test configurations considered are 
outlined in detail, with the objective of providing test conditions representative of MEMS. The 
microfabrication of the MEMS components of the test rig and the test specimens are also 
described. 
The tribometer has been described in Ku et al. (2010). 
 
3.1 TRIBOMETER DESIGN SPECIFICATIONS 
 
For this study, a tribometer needed to be designed and constructed so that realistic MEMS 
conditions could be simulated. The following specifications were drawn up: 
i. Direct measurements of friction and/or film thickness between a pair of MEMS test 
pieces should be possible. 
ii. One of the test pieces should be fixed onto a test platform with a holder, which is 
supported by several beams. 
iii. One test piece would be rotated against the other to provide continuous sliding motion  
iv. Friction would be determined by measuring the vertical and rotational displacement of 
the beams supporting the holder of the platform. 
v. A container or lubricant bath can be implemented for tests involving hydrodynamic 
lubrication, liquid delivered boundary lubrication, etc. It should be possible to seal the 
contact in a chamber if necessary, to provide controlled test conditions for the testing of 
lubrication regimes such as vapour phase additive delivery. 
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vi. The range of normal load and minimum frictional force measured should be in the range: 
• Load: 0.01 N to 1 N 
• Minimum friction torque: 2 μNm 
 
3.2 DESIGN OF TRIBOMETER CONFIGURATION - SCHEMATIC 
 
With this tribometer, friction measurements are to be made directly from a pair of MEMS test 
specimens. These are to be fabricated with the desired surface topography and coatings. One will 
be mounted to the end of a rotating shaft, while the other will be located on a test platform on a 
small disc supported by several flexure beams. A schematic of this is outlined in Figure 3.1. The 
normal contact load and the frictional torque are to be deduced from the normal and vertical 
displacements of the platform under load respectively. Details for the measurements and load 
determination are outlined in the next section. 
 
 
Motor Shaft 
MEMS  Test 
Specimens Flexible Test 
Platform 
 
Figure 3.1: Schematic of tribometer. 
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The displacements are expected to the small. Therefore, optical methods are employed to 
measure them with sufficient accuracy (the alternative was electrical methods which were 
discounted due to their complexity). Several prototypes were fabricated using Deep Reactive Ion 
Etching (DRIE) technology. Details of the test platforms are outlined in the next section. Some 
initial calculations were made to determine the suitability of the prototypes. 
The design of the tribometer must allow several different test configurations. Firstly, the most 
basic set up is the wet configuration, for ―dry‖ or ―wet‖ tests. The contacting surfaces of the 
former are cleaned and not lubricated at all, while the latter has a small amount of lubricant 
between the surfaces. Another configuration must allow a bath of lubricant to be held around the 
contact (fully submerged configuration). This is for carrying out tests in fully submerged 
hydrodynamic conditions. This flexibility is achieved by designing one set of platforms for one 
configuration and another set for another. Those are interchangeable. The schematic of those two 
configurations are illustrated in Figure 3.2 a) and b). 
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a) 
 
Motor 
Test Platform 
Lower Specimen 
Upper Specimen Small Dab of Lubricant 
 
b) 
 
Motor 
Test Platform 
Lower Specimen 
Upper Specimen 
Lubricant Bath 
 
Figure 3.2: Schematic for the a) wet, and b) fully submerged test configurations.  
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In another possible configuration, the contact is to be situated in a sealable chamber, with a 
removable lid or cover. This is to allow tests where a controlled liquid or gas/vapour is required, 
and to provide a ―quick release‖ mechanism for access to the test specimens and platforms when 
changes are needed. In that case, the rotating shaft is to be brought down to the chamber via a 
flexible seal. The chamber is to be transparent to allow for alignment of the test specimens and 
monitoring of the tests. Suitable inlet and outlet ports are also to be fitted to the chamber. Those 
are for the fill and dispense of gas in the chamber and to control the vapour concentration. The 
schematic of the vapour phase test configuration is shown in Figure 3.3 a).  
In the vapour phase test configuration, a separate vapour supply system was incorporated into the 
tribometer set up. This supply system consists of a supply of argon gas, a bubbler, flow meters, 
condenser, tubings, etc. This is illustrated in Figure 3.3 b). The argon is supplied to the bubbler 
at just above atmospheric pressure; to ―mix‖ with the n-pentan-1-ol liquid in order to produce 
vapour containing the alcohol. This vapour then passes through a Vigreux condenser, which 
converts the vapour from super saturated to saturated to avoid bulk liquid condensation in the 
system. The flow rate of the saturated vapour into the test chamber is controlled by the flow 
meter. In a typical test, the vapour is supplied at 3-4 litres per minute. Prior to starting the test, 
the chamber is purged with the vapour for five minutes. 
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a) 
Outlet
Sealed Chamber for 
Vapour Phase Tests
Motor
Test Platform Lower Specimen
Upper Specimen
Inlet
 
b) 
Outlet
Sealed Chamber 
for Vapour 
Phase Tests
Motor
Test 
Platform
Lower 
Specimen
Upper 
Specimen
Inlet
Argon 
gas
Bubbler
Flow meter
Condenser
 
Figure 3.3: a) Schematic of vapour phase test configuration. b) Schematic of the vapour 
supply system. 
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3.3 DESIGN OF TEST PLATFORM 
 
The lower test specimen is mounted on the central holder of the test platform. The holder is 
supported by various numbers of very thin beams. Figure 3.4 shows a scanning electron 
microscope (SEM) image of a prototype test platform prepared prior to the start of the project. 
The platform is housed in a square ―border‖ of 10 mm × 10 mm. The centre of the platform, 
where the test specimen is situated, has a diameter of 2 mm and this determines the size of the 
test disc specimens. This centre is supported by four thin beams, each with a width, b of 30 µm, 
a depth, d of 0.5 mm and a length, L of 3 mm. The aspect ratio of the beam is very high (much 
larger cross sectional width in the axial direction than circumferential). As a result, the torsional 
stiffness of the test platform is much lower than its normal stiffness. In addition, four stoppers 
are also implemented in the design. They limit the amount of rotational displacement of the 
platform holder, hence reducing the chances of the beams breaking due to excessive bending.  
 
 
Figure 3.4: An SEM image of the prototype test platform (Spikes & Holmes, 2005). 
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3.3.1 Theoretical Evaluation of Test Platform Stiffness 
In order to determine the feasibility of the above platform design, the theoretical rotational and 
normal stiffnesses of the prototype test platform were determined using beam theory. A side 
view of a test platform is shown schematically in Figure 3.5. It must be noted that this example 
analysis only looks at the protype design described above. Platforms with different design 
geometries are also fabricated in order to have a range of stiffnesses available for testing. 
 
W
 
Figure 3.5: Side view of test platform. 
Each beam exerts an upward force, -Y1 as a result of the vertical applied load, W. In accordance 
with force equilibrium, the total force exerted by the beams must balance the vertical load. The 
calibrated normal stiffness of the platform enables the normal load to be determined from the 
vertical displacement. The stiffness analysis is presented in Equations 3.1 to 3.5 (Williams and 
Todd, 2000) for a beam with width, b, depth, d and length, L.  
14YW   (3.1) 

31
12
L
EI
Y   (3.2) 
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(3.5) 
where δ is the vertical displacement, E is the Young’s Modulus, p is the pressure and R is the 
radius of the platform centre. 
The test platforms are fabricated from p-type (100) single crystal silicon, which is anisotropic. In 
the direction of bending, the crystal orientation is at (110). The Young’s modulus, E for (110) 
used in the analysis is 168 GPa and the shear modulus, G is 61.7 GPa (Greenwood, 1998). 
In the case of the prototype platform outlined in the previous section, this results in a normal 
stiffness of 23.3 kN/m, for each beam. There are four beams in the test platform, and the total 
normal stiffness is 93.3 kN/m. 
The bending moment, M of each beam resulting from the applied axial load and the axial stress, 
σ on the beam are given by: 

2
6
L
EI
M   (3.6) 

22
6
L
Eh
  (3.7) 
Assuming a normal load of 0.05 N, each beam bears a load of 0.0125 N. In this case, the vertical 
displacement of each beam is 0.54 µm, and the resulting bending stress is 15.00 MPa  
In the conditions described, the span of the beam must stay constant. In the presence of the load, 
the beam will ―stretch‖ in the axial direction, creating an axial load, FA. The axial load can be 
evaluated with the analysis shown in Campbell and Charlton (1973). 
The total length of the deflected beam, S is given by: 
LLdx
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 (3.8) 
where ν is the profile of the deflected beam and x is the direction along the beam’s axis. 
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The beam is assumed to follow a cosine profile where the slope is zero at both the fixed end and 
the end attached to the specimen holder. Therefore: 
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
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The change in length of the beam, ∆L is given by: 
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This additional axial load, FA is written as: 
2
2
2
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(3.12) 
And the axial stressis therefore, 
2
2
2
16



L
E
A    (3.13) 
where A is the cross-sectional area of the beam. For example, with a load of 0.05 N, the 
additional stress on each beam will be 3.30 kPa. 
The rotational motion of the upper specimen generates a torque as a result of the friction, μ 
between the contacting faces. This torque causes an angular deflection of the beam by  , viewed 
from the top, as shown in Figure 3.6.  
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Figure 3.6: Top view of test platform. 
 
The frictional torque, T is defined in Equation 3.14 for a contact radius (radius of specimen) of 
Ri. This formula applies contacts where the surfaces are lubricated by a fully formed liquid film, 
regardless of the patterning on the surfaces. This formula also applies to ―dry‖ contacts where 
both of the surfaces are flat. For ―dry‖ contacts where one of the surfaces has a defined pattern, 
the formula depends on the pattern. An example of deriving a formula for such scenario can be 
found in Appendix A. 
pR
r
pdrrpdrprT i
RR ii

3
3
0
2
0
2
3
2
3
222 





   (3.14) 
The applied torque must balance the torque resulting from the rotational displacement,  of the 
flexure beams. The transverse shear force, YT is given by (Williams and Todd, 2000): 
)( eaRYT   (3.15) 
and the resulting couple M1 is given by (Williams and Todd, 2000): 
)(1 ceRM   (3.16) 
where: 
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 and R is the radius of the centre of the platform.
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The torque resulting from M1 and YT is given by: 
 kceRaRMYRT T  )2(4)cos(4
2
1  (3.17) 
k  represents the overall torsion stiffness of the platform. Equating the two expressions for the 
torque (Equations 3.14 and 3.17), the coefficient of friction, µ is given by: 
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(3.18) 
Or 
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(3.19) 
The expression for the applied load (Equation 3.1) is a function the vertical displacement. The 
expression for friction coefficient (Equation 3.19) is a function of the rotational displacement, 
the normal load and the beam geometry. The beam geometry is a known parameter. During the 
tests, the vertical and rotational displacements are measured, allowing the applied normal load 
and friction to be determined. Again, assuming an applied normal load of 0.05 N and a friction 
coefficient of 0.1, with the geometry of the prototype platform, the torsional stiffness of the test 
platform is 2350 μNm/rad and the resulting frictional torque is 3.33 μNm. 
 
3.3.2 Design of an “Outer” Platform 
Assuming an applied normal load of 0.05 N, the corresponding vertical displacement of the 
prototype platform is 0.54 μm, which may be difficult to measure accurately and maintain 
throughout the test. Therefore, it was decided that an additional outer platform should be 
introduced in order to provide more accurate measurements. This would become especially 
significant when measuring the film thickness via displacement. This outer platform should have 
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a much lower normal stiffness than the inner platform. Initially, the schematic of the design 
included a centre supported by four foil-like beams. This is illustrated in Figure 3.7. 
 
 
Figure 3.7: Design idea with 4 foil like beam. 
 
The oveall size of this platform was to be 25 mm × 25 mm. Using Equations 3.1-3.5, and taking 
into account of the availability of bonded silicon wafers, the details of the proposed foil beam 
geometry are listed in Table 3.1. 
 
Table 3.1: Dimensions of the beams. 
Width (mm) 5 
Height (mm) 0.025 
Length (mm) 3 
Aspect ratio (height/width) 0.005 
 
According to Equations 3.1-3.5, each foil beams appear to give a sufficiently small vertical 
stiffness of 486.1 N/m, resulting in a total stiffness of 1944.4 N/m. The vertical displacement is 
25.7 μm when subjected to a given load of 0.05 N, compared with the thin beams, with a value 
of 0.54 μm. However, the span (length) of the foil beam is limited, which results in an axial load 
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in additional to the bending axial load when deflection occurs. Assuming an applied normal load 
of 0.05 N, this makes the total axial stress of 43.6 MPa (from Equations 3.7 to 3.13). If the load 
is increased by 100 times, then the total axial stress will be in the same order of magnitude as the 
failure stress of 7000 MPa (Petersen, 1982). 
A different design was therefore considered in order to create scope for load increases. Instead of 
the ―foils‖, a set of folded beams was used instead, as illustrated in Figure 3.8. A finite element 
model was devised to determine the stiffness in the direction of applied load and the stresses 
experienced by the springs. This is verified by analytical stress analysis in the next sub-section. 
 
 
Figure 3.8: Schematic of the platform supported by 4 folded beams. 
 
The finite element model was constructed in ABAQUS CAE. The domain of the model is of a 
single folded beam. In the model, the following parameters were to be determined: the vertical 
displacement at maximum load and the maximum von Mises stress. The model was totally 
elastic and isotropic, with the Young’s modulus, E assumed to be in the (110) crystal orientation, 
the direction of the applied load. The material properties used for silicon are listed in Table 3.2 
(Greenwood, 1988). The Poisson’s ratio was evaluated with Equation 3.20: 
)1(2  GE  (3.20) 
With the Young’s modulus, E at 168 GPa and the shear modulus, G at 61.7 GPa (Greenwood, 
1998). 
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Table 3.2: Material parameters used in finite element model. 
Elastic Modulus (GPa) 168 
Poisson’s Ratio 0.39 
 
The geometry of the beam was the variable in the model. The aim was to determine a final 
design geometry which gives a reasonably low vertical stiffness while keeping the stresses in the 
beams well below the breaking stress when the vertical load is applied.  
Some geometrical parameters remain fixed. A thickness of 0.3 mm was decided based on the 
availability of the bonded silicon-on-insulator (BSOI) wafers. The BSOI wafer chosen had a 
device layer of 0.3 mm and a handle layer of 0.38 mm, separated by a silicon dioxide box layer 
of 1 µm. Also, the span of the beam was kept at 3 mm, to allow space for mounting mechanisms 
while giving reasonable support for the inner platform. 
The domain and the mesh of the model are illustrated in the screenshot in Figure 3.9. It models 
one beam in the platform. One end is completely fixed (encastre, where displacements δx, δy and 
δz and rotations θx, θy and θz are all kept at zero. The whole platform is expected to experience 
an applied normal load of 0.05 N. Therefore, a vertical load of 0.0125 N in the z-direction is 
applied on the other end. That end is constrained to have displacement only in the z-direction 
with no rotations (i. e. the displacements δx and δy and rotations θx, θy and θz are all kept at 
zero). This also keeps the span of the beam constant. The elements are composed mainly of 20-
node quadratic brick elements with reduced integration and a small number of 15-node triangular 
prism elements. 
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Fixed end (encastre), 
with boundary 
conditions:
δx=0
δy=0
δz=0
θx=0
θy=0
θz=0
‘Moving end’ constrained so that displacement 
in the z-direction is allowed-where load is 
applied. Boundary conditions:
δx=0
δy=0
θx=0
θy=0
θz=0
 
Figure 3.9: Finite element model-showing the load (red arrow at “moving end” indicates 
direction of load), boundary conditions and mesh. 
 
The von Mises stress distribution for this simulation is displayed in Figure 3.10. The maximum 
stress appeared to be 19 MPa. However, that is only at the point where the load is applied. 
Looking at the ―joints‖, circled in the Figure, the von Mises stress at the joints lie between 9.4 to 
13 MPa, which gives more scope to increasing the load. The maximum vertical displacement (z-
direction) is found to be 10.15 μm, which gives a stiffness of 1231 N/m. Each platform has four 
folded beam structures, and the overall stiffness is 4924 N/m. A drawing of this folded beam 
final design is shown in Figure 3.11. 
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Figure 3.10: ABAQUS Model Output (von Mises stress units in Pa). 
 
 
Figure 3.11: Final design geometry for folded beam (Drawing Created Using Solidworks 
Education Edition). 
Lubrication of High Sliding Silicon Micromachines 
I. S. Y. Ku Chapter 3: Experimental Methods 
 
116 
 
Some checks were also carried out to enable the stability of the model. The number of elements 
used in the ―final‖ model was 4272. Prior to that, the number of elements was increased 
gradually from about 800 up to that number. The von Mises stress at the ―joints‖for the models 
with different number of elements has a consistent range of around 9.0 MPa to about 14.0 MPa 
for each simulation. The value of the displacement in the z-direction was also observed as the 
number of element increased. As seen in Table 3.3, this displacement gradually increases until 
convergence is reached, which is expected with increasing the number of elements. 
 
Table 3.3: Value of displacement in the z-direction as the number of elements increases. 
No. of elements Displacement in the z-direction (μm) 
858 10.09 
1176 10.13 
1467 10.13 
1794 10.14 
2212 10.14 
2796 10.14 
3360 10.15 
3724 10.15 
4272 10.15 
 
Based on this analysis, the idea of using an outer platform with flexible folded beams seemed 
feasible and it was decided to fabricate two different sets of platforms. The first set would have 
two different beam designs, one with those dimensions described in the previous section and one 
with the beams whose overall span is halved. The other set would consist of beams with the 
same dimensions as the first set, but with added reinforcing restraints built in (just underneath 
the folded beam, created using the remaining depth of the wafer, following the etching of the 
folded beam) to increase the stiffness (the locations are highlighted in Figure 3.12). The 
restraints will have a width of 1mm, but the depth is dependent on the thickness of the wafer 
from which the platforms are fabricated from (they must therefore be individually calibrated, the 
procedures are outlined in section 3.9). These designs will referred to as ―reinforced‖ from this 
point. 
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As discussed earlier, a range of inner platform designs are also to be produced. This range and 
the range of outer platform designs enable different platform combinations to be set up so that 
the stiffness can be ―optimised‖ for each test. 
 
 
Figure 3.12: Location of the restraints (grey boxes and dotted lines) added to increase the 
vertical stiffness. 
 
3.3.3 Analytical Stress Analysis of “Outer” Platform Stiffness 
An analytical stress analysis was performed on the folded beam structure of the ―outer‖ platform 
to verify the results. A free body diagram for the analysis is illustrated in Figure 3.13, with an 
applied load Fz at the end F, balanced by an upwards force at fixed end A. The lengths of the 
beams are: LAB = 1.2 mm, LBC = 9.0 mm, LCD = 1.8 mm, LDE = 9.0 mm and LEF = 1.2 mm. These 
are described in Figure 3.14. For this analysis, it is assumed that beam sections AB, CD and EF 
are rigid as they are short compared with BC and ED, i. e. LBC is 10 times the length of LAB. 
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Figure 3.13: Free body diagram of folded beam for analysis. Fz = 0.0125 N (not to scale). 
 
11.0 mm
10.0 mm
1 .0mm
0.6 mm
LEF=1.2 mm
1.8 mm
2.4 mm
3.0 mm g=1.2mm
LBC=9.0 mm
LAB=1.2mm
LDE=9.0 mm
LCD=1.8mm
 
Figure 3.14: Top view of folded beam (with dimensions and the beam lengths used in the 
analysis). 
 
For the non rigid section BC, its free body diagram is shown in Figure 3.15. For this case,  
MBy = -MCy = 0.5 FzLBC = 5.63 ×10
-5
 Nm (3.21) 
Therefore, the end deflection at C (Williams and Todd, 2000) is: 
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EI
LF BCz
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12
3
  (3.22) 
E is the Young’s modulus in the (110) direction, 168 GPa (Greenwood, 1988). I is the second 
moment of area. The cross section of BC is shown in Figure 3.16. In the direction of bending, I is 
as follows: 
12
3bd
I   (3.23) 
According to the dimensions in Figure 3.16, I has a value of 1.35×10
-15
 m
4
. δC is therefore, 3.35 
μm. 
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MCyMBy MCxMBx
 
Figure 3.15: Forces and moments acting on member BC. 
 
b = 0.6 mm 
d = 0.3 mm 
 
Figure 3.16: Cross section of BC. 
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The moment MBx is equal to MCx. The couple induces torsion in BC. This twisting torque, MCx, is 
related to the total angle of twist, θ by (Benham and Warnock, 1973): 
BC
Cx
L
Gbd
M
 3
  (3.24) 
β is the shape factor for the cross section of the beam, b is the width of the cross section (longer 
edge) and d is the depth of the cross section (shorter edge). The shape factor is dependent on the 
ratio b:d. The ratio for this case is 2, according to Timoshenko and Goodier (1951), β has a value 
of 0.229. G is the shear modulus of 61.7 GPa (Greenwood, 1988). 
To evaluate the value of MCx, consider the moments and forces on section CD. The free body 
diagram is illustrated in Figure 3.21. This is similar to the case of BC. The twist of BC is about 
its axis. Therefore, on CD, the distance between the equal and opposite forces is g, the distance 
between the axes of BC and DE, as defined in Figure 3.14. In this case,  
MDx = -MCx = 0.5Fzg = 7.5×10
-6
 Nm (3.25) 
Therefore, the angle of twist of BC is 
4
3
1095.2 
Gbd
LM BCCx

  rad (3.26) 
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MDx
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z
y
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Figure 3.17: Forces and moments acting on CD. 
 
The analysis of DE is identical to that of BC, therefore the end deflection at E, δE  is identical to 
the end deflection of C, and has the same twisting torque causing the same angle of twist. 
The twist angle in BC and DE causes the link CD to tilt and hence generate an end displacement 
in the entire folded structure. This displacement is determined by multiplying the twist angle by 
the distance between the centrelines of BC and DE, g (as shown in Figure 3.14). The value is 
therefore 2.95 ×10
-4
 rad ×1.2 mm = 3.54×10
-7
 m. 
Therefore, the total displacement, δ, can be written as Fz/kz (where kz is the overall stiffness in 
the z-direction), and is equal to: 

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  =7.05 μm  (3.27) 
This is lower than the value evaluated from Finite Element Analysis as twisting in AB, CD and 
DE are neglected. The stiffness is therefore, 1773 N/m. For the platform with four beams, its 
overall stiffness is 7092 N/m. The stiffness, kz in Equation 3.27 is verified. It is a fourth of the 
stiffness for four beams in parallel obtained by Pike and Kumar (2007), as expected. 
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The maximum bending stress is evaluated using Equation 3.7, reproduced here in Equation 3.28 
with the appropriate symbols for BC: 
C
BCL
Ed

2
2
6
  (3.28) 
This gives a bending stress of 6.25 MPa. As the span of the beam is fixed, the ―stretching‖ 
resulting from the lengthening of the beam induces an additional axial force, which is estimated 
by Equation 3.29, a modification of Equation 3.13 The additional axial stress is therefore 14.4 
kPa, which is negligible compared to the bending stress. 
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(3.29) 
The maximum shear stress due to torsion, τmax, is expressed as (Timoshenko and Goodier, 1951): 
2max bd
MCx

   (3.30) 
For a ratio of b:d of 2, γ has a value of 0.246 (Timoshenko and Goodier, 1951). Therefore, τmax is 
0.57 MPa. It can be assumed that the bending stress dominates. At 6.25 MPa, it is of the same 
order of magnitude as the von Mises stress from the Finite Element Analysis (9 - 13 MPa). 
 
3.4 MICROFABRICATION OF TEST PLATFORMS 
 
3.4.1 Inner Platforms 
Microfabrication allows platforms of different designs to be made simultaneously and relatively 
easily. Figure 3.18 shows one set of inner platforms on a processed wafer. These platforms, as 
described in the previous section are to be used for torque measurements and include designs 
with variations of beam dimensions, such as the number of beams, size of the centre, etc. These 
variations in dimensions provide a range of available torsional stiffnesses, designed to be suited 
to different test conditions. 
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The platforms are fabricated using standard single crystal silicon wafers with the following 
specifications: 
 Orientation: (100) 
 Diameter: 100 mm 
 Type P (Boron Dopant) 
 Resitivity: 10-20 Ohm/cm 
 Thickness: 500-550um 
 Single Side Polish 
The processing steps are listed below in chronological order, and shown schematically in Figure 
3.19:  
i. Prepare sample by cleaning with oxygen plasma for 10 minutes. Dehydrate in oven at 
150 °C for 20 minutes if necessary. 
ii. Standard lithography step 1-Spin coat with photoresist on polished side and softbake: 
 Spin coat with AZ9260 in the following conditions: 500rpm/500rpm/s/10s; 
2000rpm/s/2000rpm/s/60s; 3000rpm/3000rpm/s/2s. 
 Soft bake on hotplate at 60 °C for 2 minutes, followed by 80 °C for another 2 
minutes (ramp up hot plate at around 40s). 
 Soft bake in oven at 90 °C for 1 minute. 
iii. Standard lithography step 2-Exposure: 
 Expose in Mask Aligner through an optical mask with patterning for 150s at ~7 
mW using the vacuum mode. 
iv. Standard lithography step 3: Development: 
 Develop in AZ400K: 1 part developer: 4 parts water for about 1 minute. 
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 Rinse in DI water and blow dry. 
 Check resist thickness: around 11 microns. 
 Remove excess photoresist in exposed area in oxygen plasma, with 60 sccm 
oxygen, 100 W for 5 minutes. 
v. Attach backing wafer for DRIE: 
 Spin coat backing wafer with S1813 photoresist in the following conditions: 
500rpm/500rpm/s/10s (open); 3000rpm/5000rpm/s/10s. 
 Adhere the ―working‖ wafer to the backing wafer with the device layer facing up. 
 Bake on hotplate for 2 minutes at 110 °C, holding down with two tweezers. 
vi. DRIE: Dark 3S (etch 10s, pass 7s) for about 220 minutes, or up to a depth of about 300 
μm, for standard silicon wafers, or until the silicon dioxide that separates the device layer 
and handle layer is exposed. 
vii. Strip photoresist by soaking in 1165 at 80 °C. 
viii. Release any remaining photoresist and support structures by soaking in 1165 at room 
temperature for overnight, followed by rinsing with deionised water and drying, plus 
oxygen plasma clean. 
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Figure 3.18: Photograph of a silicon wafer with various designs of inner platform. 
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iii.
iv.
v.
vi.
vii.
viii.
 
Figure 3.19: Processing steps for the test platform. 
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3.4.2 Outer Platforms 
The large outer platforms for the measurement of the normal load are also fabricated in a similar 
manner. It could either be fabricated by using the same type of silicon wafer as the inner 
platforms, or a bonded silicon on insulator (BSOI) wafer with a device layer of 300 µm. Using 
the BSOI wafer gives a better control for the height of the springs. 
The processing steps are listed below in chronological order, and shown schematically in Figure 
3.20, for processing with BSOI wafer: 
i. Prepare sample by cleaning with oxygen plasma for 10 minutes. Dehydrate in oven at 
150 °C for 20 minutes if necessary. 
ii. Standard lithography step 1-Spin coat with photoresist on polished side if using standard 
silicon wafer, or on device layer if using BSOI wafer and softbake: 
 Spin coat with AZ9260 in the following conditions: 500rpm/500rpm/s/10s; 
2000rpm/s/2000rpm/s/60s; 3000rpm/3000rpm/s/2s. 
 Soft bake  on hotplate at 60 °C for 2 minutes, followed by 80 °C for another 2 
minutes (ramp up hot plate at around 40s). 
 Soft bake in oven at 90 °C for 1 minute. 
iii. Standard lithography step 2-Exposure: 
 Expose in Mask Aligner through an optical mask with patterning for 150s at  ~7 
mW using the vacuum mode. 
iv. Standard lithography step 3: Development: 
 Develop in AZ400K: 1 part developer: 4 parts water for about 1 minute. 
 Rinse in DI water and blow dry. 
 Check resist thickness: around 11 microns. 
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 Remove excess photoresist in exposed area in the Oxford Instruments PlasmaLab 
80+ parallel plate reactive ion etcher (RIE), with 60 sccm oxygen, 100 W for 5 
minutes. 
v. DRIE: Dark 3S (etch 10s, pass 7s) for about 130 minutes, or up to a depth of about 300 
μm, for standard silicon wafers, or until the silicon dioxide that separates the device layer 
and handle layer is exposed. 
vi. Strip photoresist by soaking in 1165 at 80 °C, followed by oxygen plasma clean. 
vii. Repeat step ii, on the unprocessed side of standard silicon wafer or handle layer of BSOI 
wafer. 
viii. Repeat step iii. 
ix. Repeat step iv. 
x. Attach backing wafer for DRIE. 
 Spin coat backing wafer with S1813 photoresist in the following conditions: 
500rpm/500rpm/s/10s (open); 3000rpm/5000rpm/s/10s. 
 Adhere the ―working‖ wafer to the backing wafer with the device layer facing up. 
 Bake on hotplate for 2 minutes at 110 °C, holding down with two tweezers. 
xi. DRIE: Dark 3S (etch 10s, pass 7s) for about 150 minutes, until the spring features are 
visible for standard silicon wafers, or until the silicon dioxide that separates the device 
layer and handle layer is exposed. 
xii. Release any remaining photoresist and support structures by soaking in 1165 at 80 °C, 
followed by oxygen plasma clean. 
xiii. For BSOI wafers: if necessary, etch off excess silicon dioxide with reactive ion etching, 
under the following conditions: Oxide etch in the RIE for about 30 minutes at 20 °C, with 
25 sccm CHF3, 25 sccm Ar and 2 sccm O2, at 200W, 50 mT. 
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Figure 3.20: Processing steps for the larger outer platforms (illustration for BSOI wafer 
processing). 
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3.5 THE TEST SPECIMENS 
 
Friction results are obtained directly from two MEMS specimens, a rotating one mounted at the 
end of a motor shaft and a stationary one that is located on a test platform. 
Both of the test specimens are silicon discs with a diameter of 2 mm. In this work, the upper 
rotating specimen will always have a flat surface, where the lower specimen can either be a flat 
surface or a surface patterned like a pad bearing. Two different surface combinations are thus 
possible, flat-on-flat and flat-on-patterned.  
 
3.5.1 Mounting the Test Specimens 
The rotating specimen is mounted onto the motor shaft via a coupling, with a magnetized self 
alignment mechanism. As illustrated in Figure 3.21, the mechanism consists of a ball joint which 
allows the sample to self align against the lower stationary sample. On either side of ball, there 
are two pins to link the specimen to the rotating motor shaft. The coupling mechanism is 
surrounded by a ring magnet, which helps keep the specimen in place, as the upper side of the 
upper specimen is coated with nickel of 10 μm thick. The motor is mounted on a motorized 
vertical stage. This will allow the upper specimen to be brought into initial contact with the 
lower specimen.   
 
 
Figure 3.21: The self-aligning mechanism (Drawing Created Using Solidworks Education 
Edition). 
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The stationary specimen is located on the centre of the small test platform. The underside of the 
specimen has 4 pins, which are matched by locating holes in the platform. The pins are 
illustrated in Figure 3.22 and Figure 3.23 illustrates how these lock into position on the platform. 
 
Dia = 180 μm
Dia = 380 μm
750 μm
 
Figure 3.22: Position and diameters of the pins on the underside of the test specimen. 
 
 
Figure 3.23: Illustration of how the lower specimen locks into position on to the centre of 
the test platform (Drawing Created Using Solidworks Education Edition). 
 
3.5.2 Fabrication of Test Specimens 
The test specimens are fabricated from a bonded silicon on insulator (BSOI) wafer, with the 
following specifications: 
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 Orientation: <100> 
 Diameter: 100mm 
 Type: P (Boron Dopant) 
 Resitivity: 10-20 Ohm/cm 
 Device Layer Thickness: 300 um 
 Handle Layer Thickness: 380 or 525 µm depending on batch 
 Double Side Polish 
In the fabrication process, the handle layer is processed first, followed by the device layer. The 
processing steps for the handle layer are outlined below in chronological order and are illustrated 
in Figure 3.24.  
i. Prepare sample by cleaning with oxygen plasma for 10 minutes. 
ii. thermally oxidise BSOI wafer under the following conditions in the oxidising furnace: 
 1100 °C 
 1 hour temperature ramp up 
 11 Hours 
 1 L/min Oxygen flow rate 
 500 nm expected thickness 
iii. Standard lithography step 1-Spin coat with photoresist and softbake: 
 Spin coat with AZ9260 in the following conditions: 500rpm/500rpm/s/10s; 
2000rpm/s/2000rpm/s/60s; 3000rpm/3000rpm/s/2s. 
 Soft bake  on hotplate at 60 °C for 2 minutes, followed by 80 °C for another 2 
minutes (ramp up hot plate at around 40s). 
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 Soft bake in oven at 90 °C for 1 minute. 
iv. Standard lithography step 2-Exposure: 
Expose in Mask Aligner through an optical mask with patterning for 150 s at ~7 mW 
using the vacuum mode. 
v. Standard lithography step 3: Development: 
 Develop in AZ400K: 1 part developer: 4 parts water for about 1 minute. 
 Rinse in DI water and blow dry. 
 Check resist thickness: around 11 microns. 
 Remove excess photoresist in exposed area in Oxford Instruments PlasmaLab 80+ 
parallel plate reactive ion etcher (RIE), with 60 sccm oxygen, 100 W for 5 
minutes. 
vi. Oxide etch in the RIE, with the following gas composition at 10 °C, 30 mT and 200 W:  
 25 sccm CHF3, 25 sccm Ar and 2 sccm O2.  
 Cooling is incorporated into the process with 2 minutes etch and 1 mins 30s 
cooldown, cycle repeated until a total of 35 minutes of etch time. 
vii. Strip photoresist by soaking in 1165 at 80°C for at least 30 minutes, longer if necessary. 
 Rinse in DI water and blow dry. 
 Oxygen clean for 10 minutes. 
viii. Repeat step 3. 
ix. Repeat step 4. 
x. Repeat step 5. 
xi. DRIE: Dark 3S (etch 10s, pass 7s) for a total of 219 minutes, up to a depth (525-30) μm, 
to be safe, due to the differences in etch rate. 
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xii. Strip photoresist by soaking in 1165 at 80 °C, followed by oxygen plasma clean. 
xiii. DRIE to depth 525 using the oxide pattern as mask, using DARK 3S for 23 minutes, 
leaving the features in the centre with an etch depth of 50 µm. 
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Figure 3.24: Illustration of the processing steps for the handle layer. 
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The device layer is processed following the handle layer. The steps are outlined below in 
chronological order and illustrated in Figure 3.25: 
i. Etch away the oxide on the device layer surface in the Oxford Instruments PlasmaLab 
80+ parallel plate reactive ion etcher (RIE), with the following gas composition at 10 °C, 
30 mT and 200 W:  
 25 sccm CHF3, 25 sccm Ar and 2 sccm O2.  
 Cooling is incorporated into the process with 2 minutes etch and 1 mins 30s 
cooldown, cycle repeated until a total of 35 minutes of etch time. 
ii. Sputter coat with Chromium and Copper: 
 Chromium: 4 mins at 400 W. 
 Copper 4 mins at 400 W. 
Etch away some metal at spots where the alignment markers are. If lithography is not 
carried out immediately, then: 
 Clean wafer in 10% sulphuric acid for 5 s. 
 Rinse thoroughly with DI water and blow dry. 
 Clean in the RIE with oxygen only. 80 sccm for about 3 mins (200 W). 
iii. Lithography for Nickel Plating step 1-spin coat: 
 Spin coat with AZ9260 in the following conditions: 500rpm/500rpm/s/10s; 
1800rpm/1800rpm/s/60s; 3000rpm/3000rpm/s/2s. 
 Soft bake on hotplate at 60 °C for 2 minutes, followed by 80°C for another 2 
minutes (ramp up hot plate at around 40s). 
 Soft bake in oven at 90 °C for 1 minute. 
iv. Lithography for Nickel Plating step 2: exposure: 
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 Expose in Mask Aligner for 150s at 7mW using the vacuum mode 
v. Develop in AZ400K: 1 part developer: 4 parts water for 1 min 30 secs 
 Rinse with DI water and blow dry. 
 Resist clean in the RIE for 3 mins, at 80 sccm oxygen. 
 Check resist thickness at specified ―spots‖ on the wafer and record the values. 
vi. Clean wafer in 10% sulphuric acid for 5 seconds 
 Assemble wafer on Nickel plating assembly holder. 
 Check for continuity. 
 Turn off Nickel plating bath: with Nickel sulphate solution. 
 Open the cover and attach holder to the electrode. 
 Cover up and set the current to 49 mA and allow plating for 35 minutes. 
 Remove from bath and then rinse clean and dry. 
 Measure thickness : aim for around 10 microns. 
vii. Strip Photoresist by soaking in 1165 at 80 °C, followed by oxygen plasma clean. 
viii. Remove seed layer soaking in aluminium etch for 10 s, followed by selective chromium 
etch for 50 s. 
ix. Repeat step iii. 
x. Repeat step iv. 
xi. Repeat step v. 
xii. Attach backing wafer for DRIE. 
 spin coat backing wafer with S1813 photoresist in the following conditions: 
500rpm/500rpm/s/10s (open); 3000rpm/5000rpm/s/10s. 
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 Adhere the ―working‖ wafer to the backing wafer with the device layer facing up. 
 Bake on hotplate for 2 minutes at 110 °C, holding down with two tweezers. 
xiii. DRIE: Dark 3S for 143 minutes + 5 minutes with low frequency(until the all the exposed 
silicon is etched away). 
xiv. Release:  
 Soak in 1165 at 80 °C for about an hour (+ room temperature overnight if 
necessary). 
 Rinse in DI water and blow dry. 
 Clean the surface on the side with the oxide pattern in the RIE at 20 °C, with 100 
sccm O2, 2 sccm Ar, 200W for 15 minutes, 100mT. 
xv. Use compressed air to remove the excess oxide from the box layer. 
xvi. Oxide etch in RIE for about 30 minutes at 20 °C, with 25 sccm CHF3, 25 sccm Ar and 2 
sccm O2, at 200W, 50 mT. 
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Figure 3.25: Illustration of processing steps for the device layer. 
 
3.6 MOTOR 
 
Two different motors were used in the tests, depending on the speed range. For high speed, (i. e. 
minimum at 5,000 rpm), a 1.2 W motor (Maxon EC-6) was used. For low speeds, especially 
when measuring friction in the boundary or mixed lubrication regimes, a 15 W motor (Maxon 
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EC-16) with a positioning encoder (giving stable speeds as low as 5 rpm) was employed. The 
motor is mounted on a high precision motorised actuator stage. This is particularly important in 
bringing the specimens into contact and applying the normal load. 
 
3.7 ASSEMBLY OF PLATFORMS 
 
Figure 3.26 shows the two main designs of the inner platform and one design of the outer 
platform. The small inner platforms are shown on the left. The first type (top) has a small centre 
of 2 mm in diameter, similar to the prototype, with which dry, wet, or vapour tests are carried 
out. The second type (bottom) has a large centre at 5 mm, which allows a fluid ontainer to be 
fitted. This enables fully submerged hydrodynamic conditions. The centre is supported by 
several beams, where the stiffness in the rotational direction is low in relation to the vertical 
direction. The inner platform is glued onto the outer platform. The centre of the inner platform 
also has a prism underneath. This is for an optical lever system, which will be discussed in a later 
section. The exploded assembly views are illustrated in Figure 3.27 and Figure 3.28. 
 
 
 
Figure 3.26: Image of an outer platform (right) and two different inner platform (left). 
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Figure 3.27: Exploded view of the platform assembly (with prism for the optical lever 
system) (Drawing Created using Solidworks Education Edition). 
 
 
Figure 3.28: Exploded view showing setup of the platforms and the test specimen (Drawing 
Created Using Solidworks Education Edition). 
 
3.8 TESTING 
With the test specimens mounted on their respective holders, the test procedure can begin. 
 
3.8.1 Applying the Normal Load 
The precise application of the normal load is made possible by the motorised actuator on which 
the motor is mounted. The actuator is driven by a single axis DC motor controller. Both parts are 
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manufactured by Newport Corporation. The motorised actuator has a travel range of 25 mm, and 
its minimum incremental travel is 0.05 µm (Newport Corporation, 1996-2010a). Calibration is 
carried out to relate the displacement to the normal load. A known vertical displacement is 
applied to the platform to give a known normal load, a schematic of which is shown in Figure 
3.29. The value is confirmed by a laser displacement measurement device described in a later 
section. In the fully submerged test set up, it is important that the normal load is not applied until 
the liquid container is filled up. As the liquid carries some weight, this may cause the platform to 
experience ―extra load‖ other than the normal applied load. 
 
 
Figure 3.29: A schematic showing all the measurements taken during the tests. 
 
3.8.2 Measurement of Normal Load  
The normal load is determined by measuring the vertical displacement of the centre of the 
platform. This is measured by a CCD laser displacement sensor manufactured by Keyence. The 
model is LKG-32 and the specifications (Keyence, 2006) are listed in Table 3.4. 
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Table 3.4: Specification of laser sensor from the product catalogue (Keyence, 2006). 
Mounting mode Diffused Reflection 
Reference distance 30 mm 
Measuring range ± 5 mm 
Light source wavelength 650 nm visible light, Class III 
Light source output 0.95 mW max 
Protective construction IP67 
Ambient temperature 0 to 50 °C No condensation 
Relative humidity 35 to 85 % No condensation 
Vibrations  10 to 55 Hz, multiple amplitude 1.5 mm 
 
3.8.3 Alignment of Test Specimens 
To ensure that the two specimens are aligned, images from two cameras mounted at right angles 
to each other are observed. Both cameras are Pulnix, one colour TMC-6 and one black and white 
TM-765, both 50 Hz. The camera specifications are outlined in Table 3.5 (Pulnix, n. d.a) and 
Table 3.6 (Pulnix, n. d.b) respectively. The microscopes attached to those cameras are of the 
same model, N-80 made by Infinity. The minimum working distance is 18 mm maximum 
magnification is 8 ×. The assembly of the camera and microscope is illustrated in Figure 3.30. 
 
Table 3.5: Specifications for TMC-6 Camera (Pulnix, n. d.a). 
Active pixels 752 (H) × 582 (V) 
Cell Size 8.6 μm × 8.3 μm 
Scanning 625 lines 50 Hz 
2: 1 interlaced 
TV Resolution 450 (H) 450 (V) 
Video Output 1.0 Vp-p at 75 Ω (NTSC and PAL) 
Power 12 V DC, 500 mA 
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Table 3.6: Specifications for TM-765E camera (Pulnix, n. d.b). 
Active pixels 756 (H) × 581 (V) 
Cell Size 12 μm × 11 μm 
Scanning 625 lines 50 Hz 
2:1 interlaced 
TV Resolution 560 × 420 TV lines 
Video Output 1.0 Vp-p composite video, 75 Ω 
Power 12 V DC, 350 mA 
 
 
Figure 3.30: Assembly of the camera and the microscope (Drawing Created Using 
Solidworks Education Edition). 
 
3.8.4 Starting the Motor 
A LabVIEW program is written to facilitate an automated process that changes the speed of the 
motor at regular intervals, takes readings and plots out friction coefficient versus speed graphs.  
Typically, the motor will be spun at increasing speeds for friction versus speed tests, and at a 
constant speed for wear tests. The speed can be increased by equal or varying increments. At 
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each speed, the two sets of readings are acquired for five seconds before averaging. The piezo 
voltage, which determines the friction, and Keyence reading voltage, which determines the film 
thickness, will be discussed in the next section. The automated program allows the friction or 
film thickness versus speed graphs to be generated at each test. 
 
3.8.5 Measurement of Frictional Torque 
The frictional torque is determined by the measuring the rotation of the centre of the small 
platform.  
A small prism is placed under the centre of the inner platform. Since a very small rotational 
displacement is expected, an optical lever system is used, illustrated in Figure 3.31. A laser 
source hits the prism at an angle to achieve total internal reflection. The beam reflects off five 
mirrors, one of which is fitted with a piezo electric actuator, before hitting a detector. The total 
path travelled by the beam is about 1.6 m. The piezo electric actuator keeps the beam at the 
centre of the detector by outputting a feedback voltage which changes the angle of the mirror on 
which it is mounted. The schematic diagram of this feedback system is illustrated in Figure 3.32. 
Before the test, a feedback voltage reading is taken. When the upper sample rotates at a given 
speed, the resulting friction causes the centre of the platform to rotate, hence moving the beam 
off the centre of the detector. The signal from the detector enters a feedback loop, which outputs 
a feedback voltage to the piezo electric actuator. The difference in the output voltage is obtained. 
This gives a measure of the frictional torque. The determination of which is described in section 
3.9. 
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Figure 3.31: Schematic of optical lever mechanism (Drawing Created Using Solidworks 
Education Edition). 
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Figure 3.32: A schematic illustrating the feedback and data acquisition process (Drawing 
Created Using Solidworks Education Edition). 
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3.8.6 Alternative Technique for the Measurement of Frictional Torque 
This technique is best described with an example. With the motor operating at a given applied 
current, the rotational speed (RPM) of the motor with an applied load will be less than if no load 
is applied. This allows the measurement of torque from the upper specimen rather than from the 
lower specimen, which is attached to the test platform. 
In this example, the reduction in RPM is plotted against the applied current for the conditions of 
0.05 N applied load where the surfaces are lubricated with a thin film of squalane, but with no 
lubricant within the lubricant bath (Figure 3.33). Also shown is the torque on the platform 
measured using the platform and laser set up described in 3.8.5. Since the bath is empty, the 
force on the shaft will equal the force on the platform so the measured torque can be calibrated 
against the reduction in RPM, as shown in Figure 3.34. 
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Figure 3.33: The torque on the test platform with 0.05 N/reduction in speed versus the 
current supplied to the motor. 
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Figure 3.34: The torque on shaft versus the reduction in rpm. 
 
3.8.7 Measurement of Film Thickness 
During the tests, the readings from the laser displacement device are also recorded. They are 
subtracted from the stationary value to provide the film thickness. It is important to establish that 
no separating film is present in the stationary contact and this was tested using squeeze film 
theory. 
Reynold’s equation in 2-D polar coordinates is (Cameron, 1966): 
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For stationary, parallel pads, the fluid being isoviscous, the upper disc moves downwards with a 
velocity of dh/dt. The equation simplifies to: 
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Integrating twice with respect to r, setting boundary conditions dp/dr = 0 at r = 0 and p = 0 at r = 
R, gives a pressure distribution of: 
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Integrating over the area gives the load support which balances the applied load, W. 
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The equation can now be integrated over time to evaluate the change in lubricant film thickness, 
h from t = 0 to a given time. The equations are rearranged to separate the variables. 
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Assuming a viscosity of 50 cP, a higher viscosity fluid than used in the tests, a load of 0.05 N 
and an initial film thickness of 10 μm, the time taken for the film thickness to reduce to 0.1 μm is 
about 209 seconds. That is shorter than the length of time between applying the load to the 
stationary contact and starting up the test. Therefore, it can be assumed that at the beginning of 
the test, the film thickness is zero. 
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3.8.8 Measurement of Viscous Drag 
3.8.8.1 Initial Assessment 
This is conducted using the ―fully submerged‖ configuration, described earlier. With the applied 
normal load, the torque measured would be the result of both the friction between the mating 
surfaces and the viscous drag. Therefore, the upper specimen is brought down into the lubricant 
bath submerged in the lubricant but not in contact with the lower specimen i. e. no applied 
normal load. The test is run with the upper specimen spinning directly above the lower specimen, 
with the speed varying. In this case, the frictional torque measured would only be caused by the 
drag.  
3.8.8.2 More Detailed Investigation 
This involves the method of measuring frictional torque outlined in 3.8.6. It is very similar to the 
initial assessment. Instead of defining the RPM, the speed is defined by the input current. The 
RPM increases with current. For a given current, the speed will always decrease upon the 
increase of resistive torque experienced by the shaft. Speed versus current graphs are plotted for 
the following conditions: submerged in lubricant in bath-with and without the specimens loaded 
together; with empty lubricant bath-with the specimens loaded together (with a dab of lubricant 
between the surfaces) and without the specimens loaded together. The aim is to observe whether 
at the a given current, there is a speed reduction resulting from the the submerging of the 
specimens in the lubricant bath. 
 
3.8.9 Study of Surface Profile (Wear Tests Only) 
For the wear tests, the motor is run at a constant speed over a fixed period. At the end of the test, 
the specimens are removed from the tribometer, and the surface profile of upper specimen is 
measured with a Wyko white light inferometry profilometer. The profile can be ―integrated‖ to 
obtain the wear volume (details of which can be found in Chapter 8).  
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3.9 CALIBRATION 
 
The platform set up is calibrated to determine two stiffnesses, the normal stiffness and the 
torsional stiffness.  
 
3.9.1 Normal load Calibration 
A series of calibration weights, 1 g, 2 g, 5 g and 10 g are placed on the platform and the 
corresponding vertical displacements are recorded. Those weights are converted to Newtons and 
the vertical displacements measured. A typical calibration curve for the folded beam design 
described in section 3.3 is shown in Figure 3.35, showing an overall stiffness is 6500 N/m. This 
is acceptable as it lies between the stiffness values of 4924 and 7092 N/m, which are obtained 
from finite element and analytical stress analysis respectively. 
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Figure 3.35: Normal load calibration curve. 
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3.9.2 Torsional Stiffness Calibration 
In this calibration, the motor and holder are replaced by a device which allows a small torque to 
be applied and measured. The device was designed by Richard Wayte of the Tribology Section, 
Imperial College and a schematic is shown in Figure 3.36. 
An adaptive piece with a horizontal bar replaces the lower test specimen. The two vanes on the 
device are brought into contact with this bar. A ―rest state‖ reading from the piezo electric 
actuator is taken. A torque is then applied by turning the high precision rotary stage. The 
magnitude of this torque is quantified in terms of a change in voltage. The piezo electric actuator 
readings for a number of the applied voltage are taken. A typical calibration curve, a plot of the 
the applied torque against the piezo voltage, is shown in Figure 3.37, for a three-beam design, 
with the larger centre, each beam having a length of 2 mm, cross sectional width of 80 μm and 
depth of 0.5 mm. 
 
ROTARY STAGE
SUPPORT TUBE
TWO VANES WITH STRAIN-GAUGES
BAR ATTACHED TO MEMS
CENTRAL  MOVING ELEMENT  
Figure 3.36: Schematic of the torque calibration device (Richard Wayte, private 
communication). 
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Figure 3.37: Calibration curve for torque measurement mechanism. 
 
In order to make comparison with theory, where torque is related to angular displacement, 
another set of calibrations was made. The detector is mounted on a linear stage with a manual 
micrometer. The laser beam is switched on, and a piezo reading is taken at the rest state. The 
stage is then moved by a small displacement and the piezo reading is taken. The displacement 
can be converted to an angle in radians since the path length of the light lever beam is known. 
Typically the path is 1.6 m long. A graph of the piezo voltage against the angular displacement, 
for the platform described above is shown in Figure 3.38. By combining the linear relations in 
Figure 3.37 and Figure 3.38, the rotational stiffness is 0.10 Nm/rad, which compares with 0.20 
Nm/rad if evaluated with 3.17. This discrepancy can be due to a number of factors, which will be 
discussed in section 3.13. 
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Figure 3.38: Calibration curve for the detector. 
 
3.10 “DELIVERING” LUBRICANT TO THE CONTACTING SURFACES 
 
Depending on the test configuration (described in section 3.2), different methods are employed 
to deliver the lubricant to the contacting surfaces. 
 
3.10.1 Wet Test Configuration  
In the wet tests, a tiny dab of lubricant (typically < 1 μl) is placed on the lower specimen, before 
the test specimens are brought into contact. No other lubricant is supplied.  
 
3.10.2 Fully Submerged Test Configuration 
The lower specimen is attached to the inner platform via the locating pins. Lubricant is added to 
at least half-fill the bath. The upper specimen is brought into contact with the lower specimen, 
via the motorized actuator, followed by applying the normal load. 
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3.10.3 Vapour Phase Test Configuration 
The contact will be sealed in a chamber fitted with inlet and outlet ports. Prior to starting the 
motor, vapours are allowed to saturate the chamber via the inlet port until a desirable flow rate is 
maintained.  
 
3.11 AMBIENT ENVIRONMENT 
 
The test rig is situated in an enclosed in a small clean room with positive pressure. The air 
supplied to the chamber is filtered through a High Efficiency Particulate Air (HEPA) filter. 
Particle count is not monitored but provides a reasonably dust-free environment for the tests. The 
ambient temperature of the room lies between 20-25 °C.  
 
3.12 CONTROL AND DATA ACQUISITION 
 
A computer program was written in LabVIEW to automate the testing process and acquire test 
data. The user interface is shown in Figure 3.39. Details of the program can be found in 
Appendix B. The voltage outputs of the piezo electric actuator, the detector, the laser 
displacement measurement device are transferred to the computer via a National Instrument 
USB-6009 data acquisition card, where the acquisition of data can be controlled directly with 
LabVIEW. The largest possible sampling rate is 48 kHz (National Instruments, 2008). The motor 
is connected via an RS-232 port and controlled with an additional ―driver‖ program, which is 
incorporated in the main program. 
After applying the normal load and before starting the automating computer program, the user is 
asked to acquire the initial output voltage from the piezoelectric actuator. This data is measured 
over a time period specified by the user and the averaged value is recorded. This voltage value is 
subtracted from subsequent piezo voltage values acquired by the computer program. 
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The main operator inputs into the computer program are: 
 The initial speed required 
 The final speed required 
 The required speed increment 
 Data acquisition time at each speed 
 Wait time between measurements 
 File path for data file 
 Option to acquire raw and non-averaged data 
 Option to ―process data‖ 
Depending on the type of test, different sets of input need to be entered. For a test that measures 
the friction coefficients over a speed range, the initial and final speed values will be the 
minimum and maximum speed of the speed range. The speed increment will be a sensible value 
defined by the user, noting that the speed increment could be altered during the test. 
For wear tests, the initial speed will be the speed the wear test is run at over a time period. The 
speed increment will be zero. The duration of such a test is not implemented in the program but 
is manually monitored. 
For both types of tests, the data acquisition time is normally set to 5 seconds and the wait time to 
1 second by default, but these can be altered if needed. The file path defines where the results 
file is to be stored.  
The option to acquire raw data can be activated whenever necessary. In a routine test, the option 
to ―process data‖ is activated after the end of a test run to calculate a set of friction coefficients. 
When the program starts, the motor runs at the initial speed and data acquisition occurs over the 
―Data acquisition time at each speed‖. During this time period, the data points acquired are 
stored and the time average is calculated and written into the data file, along with the speed. The 
motor will continue to run for an additional ―wait time between measurements‖, before changing 
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speed at the specified interval. The process is repeated at each speed, until the ―Final speed‖ is 
reached. The automated process will then terminate. With all the events occurring 
simultaneously, the card is able to acquire raw data points at a rate of around 1 Hz. 
Once the data file for a test is obtained, the data can be processed by activating the option to 
process data. Combining Equations 3.14 and 3.17, and the calibration curves of the detector and 
the platform, the following expression relating the coefficient of friction, µ and the change in 
rotational displacement is obtained: 

WR
kk
i
DP
2
3
  (3.40) 
where kP is the calibrated platform stiffness for torque versus piezo voltage, kD is the calibrated 
sensitivity of the detector for piezo voltage versus rotational displacement,  , carried out at the 
same session as the platform calibration, Ri is the contact radius and W is the applied load. 
The rotational displacement,   is obtained from the piezo voltage, PV, and the detector 
calibration constant (sensitivity), kD’. This sensitivity calibration is carried out at each session 
and when a new test platform is in use (Equation 3.41). 
'D
V
k
P
  (3.41) 
The following values needs to be inputted before the process data option can be activated: 
 Platform stiffness, kP 
 Detector sensitivity (at the same session as platform calibration, kD  
 Detector sensitivity kD’ 
 Applied normal load, W  
 Radius of contact (inner radius), Ri 
At each speed, the program will first subtract the recorded piezo voltage value from the piezo 
voltage at stationary to obtain PV. From PV and the other inputted parameters, µ is evaluated  at 
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each speed using Equations 3.40 and 3.41. A plot of µ versus speed can then be produced from 
the processed data. 
 
 
Figure 3.39: User interface of control and data acquisition software. 
 
3.13 PRACTICAL IMPLICATIONS 
This section discusses the issues that must be addressed when conducting experimental work. 
 
3.13.1 Setting up the Test Platform 
During experiments, a range of test platform set ups are expected to be employed. Therefore, 
new stiffness calibrations must be performed when switching between different test platforms. In 
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addition, a standard speed test is to be run with the surfaces lubricated with hexadecane (a 
hydrocarbon liquid), either in the ―wet‖ or ―submerged‖ set up, once a new test platform was in 
place. Only when the hydrodynamic friction test results (boundary/mixed are also strongly 
dependent on conditions of the contacting surfaces) are found to agree when compared to those 
obtained using the previous platform, is a new platform used in subsequent tests. The aim is to 
check if the platforms with different calibrated stiffnesses produce repeatable results with 
identical test conditions. 
Even with exactly identical dimensions of the stencils on the optical mask, no two devices were 
entirely identical due to the slight differences in sidewall profiles and undercut. Therefore, each 
platform set up must be individually calibrated to make sure that differences in sidewalls could 
be accounted for. Test platforms are expected to be damaged, or chipped during extensive use, 
and therefore calibration needed to be repeated during platform use. 
 
3.13.2 Aligning the Test Specimens 
To aid the alignment of the two specimens, two CCD cameras are aligned at 90 ° to each other 
and focus on the two specimens in contact (discussed earlier in 3.8.3). Tilting adjustments are 
made to the motor and the test platform until specimens are aligned when images from both 
cameras show that the lower specimen and magnet on the upper shaft are parallel. On occasions, 
even with the specimens appearing to be perfectly aligned on the images from the cameras, 
―unstable‖ readings and/or large discrepancies of results between tests could still occur. It is 
believed that this is due to misalignments which were too small to be observed with the cameras. 
Therefore, an alternative alignment check was performed with optics. This check should also be 
performed on occasions where there have been large movements, such as moving the 
breadboard, removing or replacing components on the breadboard, etc.  
The check involves a set up containing a laser source, mirror and beamsplitter, all mounted on a 
linear stage, below the test platform as shown in Figure 3.40.  
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Figure 3.40: Laser set up for alignment checks. 
 
A large, reflective flat surface was attached to the motor shaft. The laser beam is arranged to first 
hit the mirror and then the border on the platform (same level as the specimen holder part). The 
reflected beam then hits a beamsplitter and is reflected onto a white background, the position of 
the beam is marked, as seen in Figure 3.40. The set up then slides linearly to a position where the 
beam hits the reflective surface on the motor shaft. If this reflected beam hits the same position 
as the previous beam, then the two are perfectly aligned. If not, tilting adjustments are to be 
made to the motor shaft with the stage, until the two beams coincide. 
 
3.13.3 Measurement of Frictional Torque 
The frictional torque is measured by an optical lever with a feedback system. Details of the 
system are described earlier in section 3.8.5. The optical lever involves the laser beam reflecting 
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off many mirrors, one of which had a piezo device attached to it, before hitting a detector, which 
is connected to a feedback loop. The feedback loop records the position at which laser beam hit 
the detector and applies a compensation voltage to the piezo to tilt the mirror it was attached to, 
so that the beam hit the centre of the detector. In practice, the beam reaching the detector would 
have lost some intensity due to reflecting off many mirrors. To accommodate for the effects this 
has on the quality of the results, each time a new test platform was installed, or if any mirrors are 
moved or replaced, a calibration of the compensation voltage against beam displacement should 
be conducted. 
 
3.14 SUMMARY OF TEST PROCEDURE 
 
For this new tribometer, the test procedures for all the different set ups can be summarised in a 
flow chart. This is shown in Figure 3.41. 
Lubrication of High Sliding Silicon Micromachines 
I. S. Y. Ku Chapter 3: Experimental Methods 
 
162 
 
 
  
Clean samples with solvents   
Attach the upper specimen to   the end of the motor  
shaft, and the lower specimen onto the test platform.   
Liquid  
Test?   
No   
Yes   
place a dab of the liquid  
onto the lower specimen   
Bring the upper specimen into  
contact with the lower specimen 
  Align optical lever to achieve total in ternal reflection  
and check that the beam hits the detector at the centre    
Align the laser displacement measurement device  
so that the beam hits the bottom of the prism   
Apply normal load with the  
motorised actuator   
Flooded or  
wet?   
Flooded   
Wet   Fill  up lubricant bath   
Check the normal load   
Switch on piezoelectric actuator and  
record initial voltage reading   
  
Input speed range, speed increment and acquisition time at  
each speed into LabVIEW data acquisition program, set it  
to run for the testing to pr oceed   
Start   
End   
Process Results   
Vapour phase  
test?   
Yes   
No   Seal  
c hamber   
 
Figure 3.41: Flow chart illustrating the summary of the testing process. 
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3.15 CAD DRAWING OF THE TRIBOMETER ASSEMBLY 
 
The tribometer is constructed using optical components obtained mainly from Newport Spectra-
Physics (www.newport.com) and most of the components are situated on a 450 mm X 450 mm 
breadboard. A 3-D CAD schematic assembly for the test rig was compiled using the 3-D 
drawings of various components provided by Newport Corporation. This schematic is shown in 
Figure 3.42. 
 
 
Figure 3.42: 3-D Schematic of tribometer. Part drawings courtesy of Newport Corporation 
(1996-2010b) (Assembly Drawing Created Using Solidworks Education Edition). 
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Chapter 4:   Preliminary Tests 
4  
This chapter describes initial tests carried out to explore the capabilities of the new tribometer. 
Results from these tests were then analysed and discussed. In light of the results, some 
alterations were made to the both the tribometer set up and the test procedures. These are 
described at the end of this chapter.  
Most of the work presented in this chapter can be found in Ku et al. (2010). 
 
4.1 PRELIMINARY TESTS – LIMITED LUBRICANT SUPPLY 
 
Prior to conducting actual tests, preliminary work was undertaken to determine the most suitable 
beam configuration for the test platform and to identify the required calibrations. 
In limited lubricant supply conditions, a small amount of lubricant, typically < 1 μl, is ―dabbed‖ 
on the lower stationary specimen before the upper specimen is brought into contact with the 
lower specimen. The surfaces in contact are polished silicon, which has an average roughness in 
the range of 0.1-0.8 nm (Schmitt Measurement Systems, Inc., 2000). 
For the ease of carrying out this initial work, the torque calibration device was not used. Instead 
the platform stiffness was evaluated from beam theory and the torque value taken as the product 
of the theoretical stiffness and the angular displacements measured. Normal load calibration, 
was, however, carried out. 
These tests were carried out with the flat-on-flat specimen combination and squalane was used as 
the lubricant. This has a quite high viscosity of 28 cP at 25°C and atmospheric pressure, as 
measured with an Anton Paar Stabinger Viscometer, but a low melting point of -38 °C (Sigma-
Aldrich, 2009). The viscosity data at elevated temperatures and pressures are displayed in Table 
4.1 (Tomida et al., 2007). The molecular size of squalane is approximately 4 nm, calculated with 
the bond length data in (Sutton, 1958 and 1965). Though squalane is not believed to be really 
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suited for use MEMS due to its high viscosity, it enabled the measurement range of the rig to be 
explored. Water was also used in initial testing in order to assess the ability of the rig to measure 
friction of fluids with low viscosity. 
 
Table 4.1: Viscosity of squalane at elevated temperature and pressure (Tomida et al., 2007). 
Temperature (K) Pressure (MPa) Viscosity (cP) 
293.15 10.0 43.4 
20.0 53.3 
313.15 10.0 18.0 
20.0 22.1 
333.15 10.0 9.18 
20.0 11.0 
 
Tests were run at three different applied normal loads, 0.052 N, 0.078 N and 0.090 N over a 
range of speeds. The dimensions and sensitivity details of the test platform used in the tests are 
listed Table 4.2.  
 
Table 4.2: Dimensions and sensitivity details of the test platform. 
No. of beams 3 
Beam width 50 μm 
Beam length 2 mm 
Theoretical torsional stiffness 0.017 Nm/rad 
Actual normal stiffness 6,500 N/m 
Detector sensitivity calibration 725.86 μm/V 
Distance travelled by laser beam 1.60 m 
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4.1.1 Preliminary Results – Limited Lubricant Supply  
Figure 4.1 shows the preliminary test results with squalane. The tests were run at high speeds, to 
ensure that the hydrodynamic region was included in the plot. The coefficient of friction 
increases with speed, and decreases with the applied normal load. These trends are in accord 
with the hydrodynamic theory. The shear stress, τ, at the moving flat surface is defined as: 
z
U


  (4.1) 
where U is the velocity profile across the film and η is the viscosity of the lubricant fluid. 
From the derivation of the Reynolds Equation, the expression of the velocity profile, U is given 
by (Cameron, 1966): 
   zhz
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h
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where U1 and U2 are the velocities of the two surfaces, h is the film thickness and p is the 
pressure profile. 
At the moving flat, where z = 0, and U= U1, the expression of shear stress is: 
 
dx
dph
h
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2
12 
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  (4.3) 
If a larger load is applied, the pressure required to balance it is distributed over the same area, 
therefore, it can be assumed that the value dp/dx is increased. From the above expression, the 
shear stress is reduced. 
However, the values of the coefficients of friction appear to be low for a liquid of such high 
viscosity. This suggests that the actual torsional stiffness of the test platform was in fact much 
higher than the theoretical calculated value. This variation can be due to a number of factors.  
 Two platforms made using the same design stencils on the optical mask have slight 
variations in dimensions, due to the differences in sidewall profiles during etching.This 
could lead to the actual stiffness to be higher or lower than the theoretical value. 
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 Although everycare has been taken when applying the superglue to adhere the prism 
underneath the centre of the platform, some may leak onto the beams, hence increasing 
the rotational stiffness. 
 ―Wear and tear‖ could be present in the test platforms after prolonged usage, leading to a 
decrease in stiffness. 
The tests with water showed that liquids of low viscosities tend to evaporate quickly in air when 
only a limited initial supply of water was provided. The results were consequently not reliable, 
with some very high friction readings probably because all the water had been lost from the 
contact.  
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Figure 4.1: Preliminary test results of the tribometer (limited lubricant supply). 
 
4.1.2 “Improvements” to Testing Procedures in Light Of Preliminary Tests 
In light of the above preliminary tests, the following have been noted. 
i. There is a need to utilise a torque calibration device. Every new test platform set-up must 
be calibrated prior to usage and re-calibrated after being in use for long periods, as the 
calculation of stiffness from the dimensions of the beams is not satisfactory. 
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ii. For low viscosity fluids, tests besed on a limited initial supply of liquid are not suitable as 
the fluid film can be depleted easily as evaporation occurs.  
 
4.2 PRELIMINARY TESTS – FULLY SUBMERGED SUPPLY 
 
The next series of tests made use of the fully submerged set up described in the previous chapter. 
Instead of having a small dab of lubricant in the contact, the entire contact was submerged in a 
bath of lubricant. Test procedures for the fully submerged tests are outlined in detail in the 
previous chapter (Chapter 3). 
 
4.2.1 Description of the Test Specimens and Lubricant 
In this set of tests, two different types of specimen pairings were used: flat-on-flat and flat-on-
patterned. For the flat-on-patterned, three different designs of lower specimens were used. As 
described in the previous chapter, the specimens were fabricated using lithography and DRIE 
methods. The three designs are illustrated in Figure 4.2, and will be referred to as pad 1, pad 2 or 
pad 3. The lubricant used in these tests was squalane, as used in the previous work with a limited 
lubricant supply. 
 
a)   b)   c)    
  
Figure 4.2: Photographs of the textured lower test specimens: a) pad 1, b) pad 2 and c) pad 
3. The pale regions correspond to sections that have been etched away, while the darker 
regions correspond to protruding features with a height of 50 µm. Scale: diameter of disc is 
2 mm. 
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4.2.2 Brief Description of Procedure 
A schematic of the tribometer set up was described in Chapter 3. It is reproduced here in Figure 
4.3 to help illustrate the test procedure. 
 
 
Motor 
Test Platform 
Lower Specimen 
Upper Specimen 
Lubricant Bath 
 
Figure 4.3: Schematic of fully submerged test set-up, reproduced from the previous 
chapter (from Chapter 3). 
 
Initially, the two specimens were separated. The upper specimen was then brought into contact 
using the motorised actuator. Again using the actuator, a known displacement was applied to 
deflect the centre of the test platform vertically to give a normal load. A laser displacement 
measurement device was mounted underneath the centre of the platform to confirm the value of 
this displacement. For this set of tests, the ―reinforced‖ outer test platform was used. Its normal 
stiffness of the test platform was 26442 N/m. Hence a deflection of 6.5 µm gave a normal load of 
0.172 N. 
In order to achieve accurate measurement of the frictional torque, torsional stiffness calibration 
was carried out with the device described in the previous chapter. In this case the torsional 
stiffness of the platform was measured as 0.241869 Nm/rad, which is probably due to superglue 
leaking onto the surfaces of the beam. Nevertheless, the results were repeatable. 
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After applying the normal load, the laser source and the mirrors were lined up to ―activate‖ the 
optical lever system for measurement of the angular displacement of the centre of the test 
platform. Using the LabVIEW program outlined in Appendix B, the voltage from the piezo were 
recorded to determine the initial value of the feedback voltage in the static contact. That was 
followed by the application of a DC voltage to the DC motor and the automated recording of the 
parameters of speed, torsional displacement and vertical displacement. The program increased 
the DC voltage and thus the speed at pre-set increments, and the parameters were measured at 
each speed over five seconds, with the average value over that period being recorded.  
 
4.2.3 Effect of Specimen Geometry on Friction 
Figure 4.4 shows the effect of specimen geometry and sliding speed on the measured coefficient 
of friction. These values were evaluated taking into account of the change in normal load during 
the tests as the generation of the hydrodynamic film forces the surfaces apart and thus vertical 
displacement to increase significantly (as indicated by the laser displacement measurement 
device). It can be seen that the tests using the patterned surfaces exhibit lower values of friction 
than those where the surfaces are flat. For most of the speed range, the friction increases with 
speed, showing that the contact is operating in the hydrodynamic regime – since friction is 
arising from increased shearing of the fluid. No increase in friction at low speeds which might be 
due to high boundary friction can be observed, down to the lowest attainable motor speed. There 
are some negative values of friction for some tests at low speeds. This is due to the low power 
motor (1.2 W) being unstable at speeds below 5000 rpm. Another possible reason for this 
behaviour is possibly adhesion occurring at low sliding speeds. Without a fully formed lubricant 
film, adhesion could occur between the asperities of the two surfaces in contact. Therefore, when 
the motor starts turning, the platform exerts an opposing force, hence causing it to rotate in the 
opposite direction, leading to a negative value of the coefficient of friction. 
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Figure 4.4: Plot of coefficient of friction against speed for both the flat-on-flat and flat-on-
patterned set ups. Pad 1, pad 2 and pad 3 refer to the textured pads described in Figure 
4.2. 
 
4.2.4 Effect of Applied Normal Load 
Figure 4.5 shows the effect of normal load on friction coefficient. The tests were carried out with 
the flat-on-patterned pad 1. It can be seen that over most of the speed range, the coefficient of 
friction decreases with the applied normal load. This again, is expected, as hydrodynamic theory 
states that increasing load decreases the coefficient of friction. 
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Figure 4.5 Friction versus speed at different applied normal loads. 
 
4.2.5 Film Thickness Measurements 
Throughout the tests, the vertical position of the centre of the platform was also recorded at each 
speed from output from the laser displacement device. Since the lower disc surface was attached 
to this platform while the upper surface did not move vertically during a test, this could be used 
to evaluate the gap between the surfaces, i. e. the film thickness. As a lubricant film forms, the 
platform centre deflects downwards. This film thickness is the fluid film thickness between the 
surface of the raised/protruding pads of the lower specimen and the surface of the flat upper 
specimen. 
Film thicknesses recorded for four tests in Figure 4.4 are shown in Figure 4.6. It can be seen that 
the tests with patterned surfaces generated larger changes in film thickness than the flat-on-flat 
geometry. Hydrodynamic theory predicts that the formation of a film is dependent on a 
geometric convergence of the sliding surfaces. Even for the flat-on-flat tests, some film thickness 
changes were recorded, although those were much smaller than those measured using patterned 
surfaces. Theoretically, there should be no film thickness with no convergence (i. e. when 
inlet/outlet thickness are the same). However, in the context of the experiment, there were 
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probably slight misalignments and possibly also the viscosity wedge thermal effect as described 
by Cameron (1958), which might lead to the formation of a hydrodynamic film even in the 
absence of geometric convergence. 
In plots for the patterned surfaces (particular pad 2 and pad 3) it can be seen that the film 
thickness does not appear to develop below a critical speed. This speed is believed to be a critical 
speed at which sufficient hydrodynamic load support is generated to support the initial applied 
normal load. The negative film thickness values are due to the instability of the motor below a 
speed of 5000 rpm, as mentioned earlier in section 4.2.3. 
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Figure 4.6: Film thickness recorded for the flat–on-flat test and the flat-on-patterned tests. 
The different patterns are indicated by pad 1 pad 2 and pad 3 on the plot legend. 
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4.3 SUMMARY AND IMPROVEMENTS 
 
In this chapter, tests to explore the capability and reliability of the newly-built tribometer have 
been described The first set of preliminary tests showed that a torque calibration is required for 
each platform set up since calibration based solely on measurement of beam dimensions is not 
sufficiently reliable. For lower viscosity fluids, fully submerged conditions must be used to limit 
the impact of fluid evaporation during testing. 
For these preliminary tests, the liquid squalane was chosen as the main test fluid. This is a 
hydrocarbon with a sufficiently high viscosity to form reasonably thick hydrodynamic films 
without the aid of additives. Most other liquids of similar molecular weight are solid at room 
temperature but due to its branched chain structure, squalane remains at a liquid state at room 
temperature. It should be noted that squalane is not considered as a suitable lubricant for MEMS 
devices since it gives quite high hydrodynamic friciton. Liquids of lower viscosities appear more 
appealing and will be investigated in the next chapter. However, a viscous liquid was chosen to 
fully explore the capability of the test rig and in particular to ensure hydrodynamic conditions 
and test the film thickness measurement method. 
A series of fully submerged tests were conducted with squalane as the test fluid. The aim was to 
evaluate the effect of sliding speed, specimen geometry and applied normal load on friction. The 
results show that, over the majority of the speed range, i. e. above 5000 rpm, the friction 
increases with speed, implying a hydrodynamic lubrication regime, where increasing shear rate 
leads to the increase of friction. The friction coefficients measured in the flat-on-flat tests are 
higher than those measured in the flat-on-patterned tests, probably due to the formation of a 
thinner film and thus to higher shear rates. In the hydrodynamic region, the friction decreases 
with increasing normal load, as expected from hydrodynamic theory. From these tests, the low 
power motor (1.2 W) was found to be unable to run at stable low speeds. Therefore, in 
subsequent tests from the next chapter (Chapter 5) onwards, the higher power motor (15 W) 
described in Chapter 3 is employed, so that boundary friction can be studied. 
The ability of the test rig to measure film thickness was also investigated. The film thicknesses 
measured in tests involving patterned surfaces were much higher than those measured in the tests 
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with just flat surfaces, probably due to the presence in the former of geometric convergence. 
However, finite film thickness values were measured in the flat-on-flat tests which could be a 
result of both slight misalignments and thermal effects. 
The exact conditions of the flat-on-flat tests are difficult to model, as the misalignments are 
difficult to quantify and the fluid temperatures are difficult to obtain. Therefore, the results 
obtained from experiments could not be verified by theory. This indicated that, in most 
subsequent work, research should focus on tests with a flat-on-patterned surface combination. 
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Chapter 5:   Friction Tests Using Liquids of 
Varying Viscosities 
5  
This chapter describes the tests with different liquids to explore the hydrodynamic lubrication of 
MEMs contacts. As described in the previous chapter, there were some issues of uncertainty with 
the flat-on-flat configuration. Therefore, although some initial flat-on-flat tests were conducted, 
for the main set of tests in this chapter the flat-on-patterned configuration was employed. A new 
motor was used to enable a wider range of speeds to be explored and thus include study of the 
boundary/mixed region at low speeds. Selected results obtained from experiment are found to be 
in reasonable agreement to those obtained from a mathematical model. The results in this 
chapter provide insight into the suitability of using low viscosity fluids for lubricating MEMS. 
The work presented in this chapter can be found in Ku et al. (2011a). 
 
5.1 LIQUID LUBRICATION IN MEMS 
 
In tribology, liquids are often employed to provide hydrodynamic lubrication. This regime of 
lubrication is best described by the Reynolds Equation (Cameron, 1966) (Equation 5.1), which 
can be derived by considering the equilibrium of shear and pressure forces and continuity of flow 
in a fluid element. 
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 (5.1) 
where p is the pressure field, h is the film thickness, U1 and U2 are the velocities of the two 
moving surfaces in the x direction, while V1 and V2 are the velocities of the two moving surfaces 
in the direction of side leakage, and w2 and w1 are the velocities of the two surfaces in the normal 
approach - separation direction. 
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There are two conditions which must be present for the occurrence of hydrodynamic lubrication 
(Stachowiak and Batchelor, 2005a): 
i. Two surfaces must move relatively to each other with sufficient velocity for a load-
carrying lubricating film to be generated.  
ii. The surfaces must be inclined at some angle to each other, i. e. if the surfaces are parallel 
a pressure field will not form in the lubricating film to support the required load. One 
exception to this rule is that hydrodynamic pressure can be generated between two 
parallel stepped surfaces. 
Normally, in lubricated tribological systems, one surface is flat while the other is either wedged 
or stepped. The flat surface moves relative to the wedged or stepped surface. In the process, the 
moving surface drags the liquid lubricant into the converging ―wedge‖. A pressure field is 
generated as a result, otherwise, there would be more liquid entering than leaving the contact. At 
the entry of the wedge, the increasing pressure restricts the flow into the contact, while at the 
exit, the decreasing pressure boosts the exit flow. The pressure gradient causes the velocity 
profile to bend inwards at the entry and outwards at the exit. This generated pressure separates 
the two surfaces and is able to support a certain load (Stachowiak and Batchelor, 2005a). 
The work in this chapter investigates the possibility of fully submerging, high sliding MEMS 
contacts in a low viscosity lubricant in order to enable hydrodynamic lubrication. This could 
potentially provide a robust and low friction means of lubricating MEMS. This work focuses on 
the effects of lubricant viscosity and surface texturing on the friction between two sliding MEMS 
surfaces. The work also includes a short investigation on viscous drag, which liquids were 
assumed to carry. 
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5.2 DESCRIPTION OF TESTS AND MATERIALS USED 
 
This series of tests was conducted to determine the friction properties of the contact between two 
uncoated silicon discs lubricated by liquids of different viscosities in fully submerged 
hydrodydynamic lubrication conditions. Each test was carried out over a wide speed range in 
order to span the mixed/boundary and hydrodynamic regions. The platform set up contains an 
enlarged centre where a container for the lubricant is incorporated. The position of the container 
is indicated on a photograph of the platform set up shown in Figure 5.1. Just prior to testing, the 
lubricant container is filled to about 75 % full to fully-immerse the contact. The lubricant can 
then be entrained into the contact continuously throughout the test, providing a lubricant film 
that ―self-replenishes‖. Should evaporation occur, the container is ―topped up‖ during the test. 
As mentioned in Chapter 3, the upper rotating specimen is a flat silicon disc of 2 mm diameter, 
whereas the lower stationary specimen can be either a flat silicon disc or a patterned disc with a 
pattern similar to a pad bearing, etched to a depth of 50 µm. In this chapter, discs with only one 
pattern were used. Figure 5.2 a) illustrates the pattern and Figure 5.2 b) shows an SEM image of 
a patterned disc with the pattern in use. The test platform set up was described in more detail in 
Chapter 3. Figure 5.3 illustrates two types of inner test platforms, one with the larger centre to 
accommodate the container, the other with the small centre for tests without the container. The 
outer platform is also shown. In this Chapter, the platform with the larger centre is used to 
accommodate the container (i. e. fully submerged set up described in Chapter 3). Note that some 
―stoppers‖ are incorporated to protect and prolong the life of the test platforms. They limit the 
maximum rotational displacement to prevent the beams from experiencing the breaking stress. 
For this platform set up, the inner platform has three supporting beams, the dimensions and 
stiffness data are listed in Table 5.1. 
The outer platform is of the ―reinforced‖ design described in Chapter 3, which has a higher 
normal stiffness of 22700 N/m (from calibration). 
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Figure 5.1: Photograph of platform set up (rectangular box indicates the position of the 
lubricant container). 
 
a) 
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b) 
b)  
Figure 5.2: a) Illustration of the patterned disc. b) SEM image of patterned disc. 
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Figure 5.3: Top view of test platform set up (schematic). 
 
Table 5.1: Dimensions and stiffness data for inner test platform. 
Width of beam cross section (µm) 80 
Height of beam cross section(µm) 500 
Length of beam (µm) 2000 
Number of beams 3 
Theoretical rotational stiffness (Nm/rad)* 0.20 
Average rotational stiffness from calibration (Nm/rad)† 0.10 
*from equations 3.14-3.17 in Chapter 3 
†from calibration 
 
Six liquids with different viscosities were used in these tests. The liquids and their viscosity 
values at 25 °C (measured with a Stabinger Viscometer, model SVM 3000, manufactured by 
Anton Paar, Graz, Austria) are listed in Table 5.2. A set of ―unlubricated‖ dry tests with no liquid 
lubricant present were also carried out for comparison. All tests were carried out with an applied 
normal load of 0.050 N. The detailed test procedures and data acquisition and processing can be 
found in Chapters 3 and 4. 
Without 
container 
With 
container 
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Table 5.2: List of lubricants and their viscosities. 
Lubricant Viscosity at 25°C (cP) 
Toluene (Methylbenzene) 
Silicone oil (Poly dimethylsiloxane) 
Water 
Hexadecane 
Squalane/Hexadecane blend 
Squalane (2,6,10,15,19,23 Hexamethyltetracosane) 
0.605 
0.880 
0.890 
3.032 
15.7 
28.0 
 
5.3 TEST RESULTS-FRICTION 
 
5.3.1 Flat-on-flat Test Results 
The results for the flat-on-flat configuration are shown in Figure 5.4. In the low speed region, the 
relatively non viscous silicone oil exhibits very high friction and similar friction to hexadecane 
in the high speed region, despite being less viscous. That is probably due to the silicone oil’s lack 
of boundary film-forming ability and the fact that the liquid is pseudoplastic, where the liquid 
thin with increasing shear rate; or thixotropic, where the thinning of the liquid is a result of 
continuous shearing at the same shear rate (Stachowiak and Batchelor, 2005b). This explains the 
apparent non-Newtonian behaviour. The highly viscous squalane exhibits very high friction in 
the hydrodynamic region. This friction could originate both from the hydrodynamic shear 
between the flats and viscous drag on the sides and upper face of the rotating disc and the motor 
shaft where this is immersed in liquid. It will be shown later in section 5.3.4 that the viscous drag 
is quite small so that the friction is primarily from hydrodynamic shear. Note that the friction for 
squalane could only be measured up to a maximum speed of 3000 rpm for this configuration and 
the straight section of the curve above. This indicates that the measurements have ―topped out‖, 
where any further rotational displacement is prevented by the stoppers. The speed range could be 
extended by using a platform setup with a higher rotational stiffness. 
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The friction coefficients for the dry (unlubricated) case are surprising low over the entire speed 
range. This is probably due to the silicon absorbing water and contaminants from the 
atmosphere. For the dry tests, both test specimens were baked in the oven for approximately 30 
minutes to dehydrate the silicon. As soon as the specimens are exposed to air, they start to absorb 
small amounts of water (no meniscus), and air borne contaminants. Those are likely to be 
sufficient to protect the contacting surfaces for the duration of the test. Another reason for this 
low friction is because the unlubricated contact does not contain entrained liquid at low speeds. 
At this speed with lubricated contacts, the film does not fully cover the contact, and menisci 
could form and a force is required to break them. This could explain the higher boundary friction 
for lubricated contact. For a totally unlubricated contact, where all the water and other 
lubricating species are removed from the surface, can have nano-level junction growth followed 
by wear. The friction is assumed to be very high and a large amount of wear is also expected. A 
more detailed study of the impact of adsorbed/reacted water and contamination on friction and 
wear is described in Chapter 8. 
According to hydrodynamic theory, the load support results from the pressure built up in the 
fluid film in the contact. This pressure builds up results from fluid being entrained into the 
contact with a geometric convergence (i. e. inlet/outlet height ratio). In the case of the flat-on-flat 
tests, there is no defined geometric convergence. Therefore it is not immediately obvious as to 
how the results obtained show some load support. In the context of the experiments, there are a 
number of factors that may contribute to the load support: 
i. Misalignment between the two flat pads. It is practically impossible to make the two flats 
precisely parallel, so there is likely to be a small (and difficult to estimate) geometric 
convergence. Such misalignments are thought to be very small as the results were 
reasonably repeatable. This is discussed in more detail in a later section in this chapter. 
 
ii. Viscosity wedge effect described by Cameron (Cameron, 1958 and Cameron and Wood, 
1958). Sliding generates a temperature gradient in the film (non-Newtonian). Any 
temperature gradients within the film both through the film thickness as well as along the 
direction of motion will lead to a variation in viscosity within the film and Cameron has 
shown that this can allowing a considerable load to be borne by a sheared lubricant film 
between parallel surfaces. 
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There are two major disadvantages of the flat-on-flat set up. One is that, since it is difficult to 
precisely control alignment, it is difficult to reproduce exactly the same conditions for each 
experiment. A second problem is that since the observed load support originates from 
uncontrolled or poorly understood phenomena it is difficult to model the system and produce 
predictions of theoretical load support, film thickness and friction for comparison with 
experiment.  
Both of these problems are avoided if a patterned lower specimen is used since this produces a 
known geometrical convergence which overwhelms any slight variations due to alignment or 
load support due to thermal variations across the contact. In subsequent work, attention therefore 
focuses on the use of patterned surfaces and results using this configuration are presented and 
discussed in the next section. 
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Figure 5.4: Friction versus speed for the flat-on-flat test: a) the entire speed range, and b) 
focusing on the low speed range. 
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5.3.2 Flat-on-patterned Test Results 
The friction results for different liquids in flat-on-patterned disc tests are shown in Figure 5.5.  
In general, the friction coefficients are lower than those obtained from the flat-on-flat tests. It is 
evident that the patterning of the surface enables a hydrodynamic film to be formed more easily, 
hence providing better load support. All the fluids display typical hydrodynamic behaviour with 
classical Stribeck curves spanning mixed and hydrodynamic friction.  
As expected, the hydrodynamic friction increases with liquid viscosity. The liquids in these tests 
all follow this trend with the exception of silicone oil, where the hydrodynamic friction is much 
higher than expected from its dynamic viscosity, which is close to that of water. The test was 
repeated but the behaviour was the same. It is currently unclear what causes the high friction, 
although it is possible that silicone oil behaves in a pseudoplastic or thixotropic manner at high 
speeds, as discussed in 5.3.1. 
In the low speed region, which is enlarged in Figure 5.5b), boundary friction is present as the 
speed approaches zero. That is because, at low speeds, an insufficient amount of liquid is 
entrained into the contact to fully separate the surfaces. The fluids with higher viscosities appear 
to generally have lower boundary friction. This may be because they tend to have higher 
molecular weights, so that one or two molecular layers, which might be present due to surface 
adsorption or confinement, may offer some protection. However, for hexadecane, it is interesting 
to note that its boundary friction is lower than squalane, the most viscous liquid tested. This 
suggests that hexadecane molecules may be more easily attracted to, or pack better on the silicon 
surfaces.  
For liquids with small molecular sizes, such as water, the friction profile at low speeds appears 
―noisy‖ (further highlighted in Figure 5.7), suggesting stick-slip behaviour, which arises from 
solvation effects and the consequences. The solvation force arises when the liquid density 
changes as the surfaces approach each other (usually, the density of liquid is higher near adjacent 
surfaces) (Rahnejat and Gohar, 2008). The effect is more significant in narrow load bearing 
conjunctions and docking of molecules onto solid barriers i. e. very smooth surfaces and small 
liquid molecules, in this case, a surface roughness range of 0.1 to 0.8 nm (Schmitt Measurement 
Systems, Inc., 2000) and a molecular diameter of 0.15 nm (estimated from Sutton (1958 and 
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1965) for water (there is mobility for the molecules trapped in the gap width) (Teodorescu et al., 
2006). Lubricants with chain or branched chain structure, can become entangled as the gap width 
decreases, little solvation effects adjacent to the surface, making this force negligible (Al-Samieh 
and Rahnejat, 2001). Therefore, the boundary friction profile in liquids with larger molecular 
sizes (such as hexadecane at 2 nm and squalane at 4nm, estimated from the bond lengths in 
Sutton (ed.) (1958 and 1965) appear less ―noisy‖. The force is oscillatory (between attractive and 
repulsive) with decaying characteristics and is a function of the distance between confined solids 
(gap width). Oscillations are caused by the film’s interaction with other solids, which imposes a 
constraining effect, and causes the forced ordering of liquid molecules into discrete layers when 
constrained between two surfaces, with an oscillatory density profile (Theodorescu et al., 2006). 
As the surfaces approach more closely, squeeze flow causes the stress within the fluid film 
accumulate. When a critical value is reached, discrete expulsion (by layers) of the fluid into the 
bulk occurs. The reduction of layer levels can lead to the eventual dominance of microscopic 
level meniscus force, which is the onset of localised stiction (Gao et al., 2000). Forces are 
required to overcome the stiction when the upper surface slides against the lower surfaces, which 
causes the ―noisy‖ oscillatory friction profile. 
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Figure 5.5 Friction versus speed results for the flat-on-patterned tests: a) the entire speed 
range, and b) focusing on the lower speed range. 
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5.3.3 Repeatability 
With a custom tribometer built ―in house‖, it is essential to show that the results obtained are 
repeatable. Figure 5.6 shows the results from three separate tests conducted with squalane in the 
flat-on-flat configuration. The test conditions were identical, but after each test, the load was 
removed, and applied again before starting the next test. Note that as the speed approaches 3000 
rpm, the maximum measurable friction has been reached, resulting in a flat ―topped out‖ section. 
Figure 5.7 shows the results of three separate tests conducted with deionised water in the flat-on-
patterned configuration. The tests were again repeated in identical conditions, and between each 
successive test the load was removed and reapplied. From these graphs, it can be seen that the 
results are consistent between tests, in both the low and high speed regions. 
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Figure 5.6: Three tests runs with squalane (both pads are flat). 
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Figure 5.7: a) Three test runs with water, one pad is flat, while the other is patterned, and 
b) results of a), presented with the x-axis in log scale. 
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5.3.4 The Effect of Drag 
All the friction results presented so far have been obtained by measurement of the rotational 
displacement of the central part of the platform. This rotation could result not only from the 
friction originating between the mating surfaces of the discs, but also from the viscous drag 
exerted by the liquids on the rotating components, i. e. from the submerged rotating motor shaft 
and upper specimen forcing the liquid to rotate/churn, which in turn exerts a torque/force on the 
platform. 
To assess the magnitude of this drag force, some tests were conducted with no applied normal 
load and the two samples separated (i. e. the upper specimen submerged in the liquid, spinning 
directly above the lower specimen, without any contact). The rotational displacements measured 
in these tests can only arise as a result of the drag. When the friction torque with no load is 
plotted alongside the friction torque with an applied normal load against speed, it can be seen 
that the effect of drag is almost negligible (Figure 5.8). 
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Figure 5.8: Torque versus speed for the squalane tests in the flat-on-flat configuration. 
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A more detailed investigation into drag involved measuring torque on the upper specimen via the 
motor speed produced at a fixed motor current. To do this, a known constant current was applied 
to the motor and the resulting RPM measured (unlike all previous tests where the motor speed 
was defined by the user, and controlled by a feedback system which adjusted the current 
accordingly). For a given applied current, the motor speed will decrease as the resistive torque on 
the shaft increases. Figure 5.9 shows how the motor speed varies with current, where clearly 
RPM increases with current (Ku et al., 2011a). 
Tests were carried out under four sets of conditions; with squalane: with and without the 
specimens loaded together, and with and without the bath filled with lubricant. For the test 
condition where the contact was loaded and the bath was empty, a very small amount of 
lubricant was placed on the lower specimen prior to testing; in this way the contact was 
lubricated without the bath being filled. The load applied was 0.05 N. It can be seen that shaft 
speed is affected only by the loading of the contact, and is not affected by the presence of 
lubricant in the bath, i. e. the drag caused by rotation of the fluid is negligible compared to the 
friction torque at the contact (Figure 5.9) (Ku et al., 2011a).  
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Figure 5.9: Variation of shaft speed with applied current under four sets of conditions (Ku 
et al., 2011a). 
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5.4 TEST RESULTS - FILM THICKNESS 
 
Film thickness measurements were made according to the methods outlined in Chapters 3 and 4. 
However, with the tests reported here, the normal load was reduced to 0.05 N from the 0.19 N 
used in Chapter 4, so that the contact pressure is more representative of MEMs, and much lower 
viscosity liquids were tested. The film thickness values were therefore much reduced. There is 
also the possibility that the vibrations in the platform system severely affected the measurements 
.Therefore, no reliable readings were obtained as the minimum measurable film thickness is 
about 2 μm. Therefore, the film thickness results in Chapter 4 are the only reliable set. 
 
5.5 COMPARISON WITH HYDRODYNAMIC THEORY 
 
As mentioned in the previous section, one reason for preferring flat-on-patterned tests to flat-on-
flat ones is that the former case is are easier to model using a Reynolds equation approach. 
A simple 2D finite difference solution of Reynolds equation in polar coordinates (Equation 5.2) 
was derived and solved using Matlab. The Matlab program is described fully in Appendix C and 
was carried out with the help of Dr Thomas Reddyhoff of the Tribology Section, Imperial 
College.  
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 (5.2) 
where h is the film thickness, p is the pressure, η is the viscosity, ω is the angular velocity and w 
is the velocity in the normal approach-separation direction. 
The program assumes the following: 
 The fluid is Newtonian. 
 The fluid film is isothermal and isoviscous. 
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 Only hydrodynamic lubrication regime is considered. 
 No squeeze effects. 
 No slip at the wall. 
The patterned pad bearing geometry is divided into four equal sections, each containing a step, as 
shown schematically in Figure 5.10 which makes the domain. The boundary condition for the 
solution is to have the pressure points at the perimeter held at zero. The film thickness evaluated 
by the program is the fluid film thickness between the surface of the raised pad (lower specimen) 
and the surface of the flat upper specimen. This value is referred to as h0 from this point 
onwards. Thefilm thickness between the surface of the recessed land of the lower specimen and 
is therefore, the sum of h0 and the height of the step. 
 
 
Raised pad 
Recessed land 
O B 
C 
 
Figure 5.10: Domain of the solution program in Matlab. 
 
5.5.1 Preliminary Tests-Film Thickness and Coefficient of Friction 
As there is only one set of reliable film thickness results, the film thickness results obtained from 
the experiment with squalane in Chapter 4 are plotted alongside the results obtained from the 
finite difference solution in Figure 5.11. The contact is fully submerged in squalane and the 
applied load is 0.20 N. The theoretical model takes into account these conditions. Experimental 
results are in reasonable agreement with theory but the measured film thicknesses are higher than 
the theoretical values. It is somewhat encouraging that both sets of results show a similar trend, 
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that below a speed of around 2000 rpm, the film thickness remains very low and do not change 
much with speed. This suggests there is insufficient fluid entrained into the contact in order to 
develop a total hydrodynamic load to overcome the initial spring load on the contact. The 
experimental values for film thickness increase with speed from about 2000 rpm up to about 
10000 rpm, after which there is little or no increase. This suggests that the fluid exhibits non-
newtonian characteristics. This is in contrast with the theoretical values; evaluated assuming the 
fluid is Newtonian, which increase with speed throughout. This could be caused by shear 
thinning of the fluid film or the onset of starvation where only part of the contact is lubricated. 
The corresponding coefficient of friction results from experiment and from the model are plotted 
in Figure 5.12. Once again, the coefficient of friction from theory is lower than that from 
experiment. 
The discrepancy in results may be attributed to some small misalignments in the experimental 
setup which results in an added convergence in the contact, though due to the repeatability of 
results, this seems unlikely. Another reason for the discrepancy may be due to inaccuracies in the 
film thickness measurement, since the measurements are close to the minimum measurable value 
of the device. 
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Figure 5.11: Experimental values of film thickness, h0, compared with theoretical values 
obtained from the code, over a speed range (Squalane, normal load 0.20 N). 
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Figure 5.12: Experimental values of μ compared with μ obtained from model (Squalane, 
normal load 0.020 N). 
 
5.5.2 Tests in this Chapter-Coefficient of Friction 
In Figure 5.13, the friction measurements for hexadecane from this chapter (hydrodynamic range 
only) are compared to the theoretical predictions. The different normal load at 0.05 N and 
viscosity have been taken into account. There appears to be the same discrepancy, with the 
values predicted by theory being lower than those obtained from experiment. Note that the 
theoretical friction values at low speeds in Figure 5.12 and Figure 5.13 appear as zero. This does 
not suggest zero friction, as boundary friction exists due to asperity contacts. The zero values 
reflect that at such low speeds, there is not sufficient fluid entrained to form a film. The program 
outputs zeros to indicate that the fluid film does not exist.  
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Figure 5.13: Experiment values of μ compared with μ obtained from model (Hexadecane, 
normal load 0.05 N). 
 
The model is tested by running it with a range of viscosities, and the friction results are presented 
in Figure 5.14. As expected, friction increases with viscosity. Also, the lower the viscosity, the 
higher the speed required to generate a film. Note that Figure 5.14 only shows predicted 
hydrodynamic friction. At low speeds where zero friction is shown this indicates absence of a 
hydrodynamic film. Clearly in reality, boundary friction in this region will be present due to 
solid-solid contact (as indicated by the results earlier in the chapter). This also applies to the 
predicted theoretical friction displayed in Figure 5.12 and Figure 5.13. 
 
5.5.3 Validation of Model 
As described in Appendix C, the model takes into account the additional load on the test 
platform as a result of the film formation. In order to validate the model, this additional load was 
removed from the ―conditions‖. Instead, a range of film thicknesses, a constant viscosity of 30 
cP and a constant speed of 1050 rad/s (10026.76 rpm) are inputted, and the corresponding total 
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load support was calculated. According to hydrodynamic theory, the film thickness, h0 is related 
to the load support by (Cameron, 1971a): 
5.0
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





W
U
h

 (5.3) 
where U1, is the speed of the moving surface, η is the viscosity and W is the load support. 
If re-written in terms of logarithms (K is a constant): 
WUKh 1011010010 log5.0log5.0loglog    (5.4) 
In order for the model to be valid, when the film thickness is plotted against the resulting load 
support, with log scales on both axes, the points should lie on a straight line with a gradient of 
about -0.5.  
The input film thickness is plotted against the resulting load support in Figure 5.15, with both 
axes in logarithmic scale, the resulting gradient is -0.52, which is reasonably close to what is 
expected. The calculations were repeated for a constant viscosity of 3 cP, holding all other 
parameters constant. Once again, a gradient of about -0.52 was obtained (Figure 5.16). 
 
Lubrication of High Sliding Silicon Micromachines 
I. S. Y. Ku Chapter 5: Friction Tests Using Liquids of Varying Viscosities 
 
200 
 
0
0.05
0.1
0.15
0.2
0.25
0.3
0 5000 10000 15000 20000 25000 30000
C
o
e
ff
ic
ie
n
t o
f 
Fr
ic
ti
o
n
Speed (rpm)
Hexadecane 0.3 cP
silicone oil or water 0.89 cP
Hexadecane-Squalane blend 15.7 cP
Squalane 28 cP
 
Figure 5.14: Friction results of finite difference model, with liquids of different viscosities. 
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Figure 5.15: Finite difference model validation: The film thickness (for a viscosity of 30 cP) 
is plotted against the load support on logarithmic axes, showing that the gradient is close to 
-0.5. 
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Figure 5.16: Finite difference model validation: The film thickness (for a viscosity of 3 cP) 
is plotted against the load support on logarithmic axes, showing that the gradient is close to 
-0.5. 
 
5.6 SUMMARY 
 
A series of fully submerged hydrodynamic tests were conducted using the newly built 
tribometer. Liquids of a range of different viscosities had been tested and the friction variation 
with entrainment speed was measured with two different types of pad surface. 
The results from tests involving the flat-on-flat specimen combination exhibit very high 
boundary friction at low speeds, especially with low viscosity fluids. This arises from the 
difficulty of film forming with those liquids and the lack of geometric/radial convergence to 
provide hydrodynamic load support. The load support observed in this series of tests is probably 
the result of slight misalignments and the viscosity gradient within the lubricating film. When 
these results are compared to the results obtained from the flat-on-patterned specimen 
combination, it can be seen that for all the liquids, the boundary friction values at low speeds are 
lower and classic Stribeck curves are observed. The patterning on the lower sample surface 
provides a converging geometry which ensures adequate hydrodynamic load support. 
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In the flat-on-patterned tests, it has been shown that fluids with low viscosity, such as water can 
have acceptably low friction at high speeds. At low speeds however, there is insufficient liquid 
being entrained into the contact to separate the surfaces, hence the boundary friction is extremely 
high. This can be reduced by the addition of friction modifier additives. 
The results for the flat-on-patterned tests are compared to the results obtained from a theoretical 
model. The film thickness and friction results from experiment are found to be in reasonable 
agreement with theory. 
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Chapter 6:   Boundary Lubrication with 
Friction Modifier Additives 
6  
In the previous chapter, the test results showed that acceptably low hydrodynamic friction could 
be achieved using liquids of low viscosity fluids. However, at low speeds the hydrodynamic films 
generated by these fluids were not sufficient to fully separate the surfaces, so the contacts 
operated in the boundary regime, with high friction. In this chapter, the feasibility of using low 
viscosity fluids blended with a friction modifier additive in order to obtain both low 
hydrodynamic and low boundary friction is explored. Tests were conducted in a similar manner 
to the tests described in the previous chapter in fully submerged conditions. The test results for 
additive-free liquids and liquids with additives are compared. 
The work presented in this chapter can be found in Reddyhoff et al. (2011). 
 
6.1 BOUNDARY LUBRICATION 
 
The effect of providing boundary lubrication can be best described by Stribeck curves. In Figure 
6.1, the black line represents a classical Stribeck curve. In the presence of solid-like boundary 
lubrication, the Stribeck curve is modified, as shown by the purple line. The role of this type of 
boundary lubrication is to reduce the friction at very low speeds. The term ―solid-like‖ is used 
since some forms of boundary lubrication can involve the formation of viscous-like surface films 
(Smeeth et al., 1996 and Guangteng and Spikes, 1997). 
At low speeds, only a very small amount of fluid is entrained into the contact. This forms only a 
very thin film, which is insufficient to fully separate the surfaces. In this case, asperity to asperity 
contacts occur, leading to very high friction and wear. These are due to the high shear strength of 
the adhering asperities and possibly also junction growth and the consequent ―break off‖ 
between the asperities. 
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As the speed increases, the hydrodynamic film thickness increases as more fluid is being 
entrained into the contact. As seen in Figure 6.1, in the high speed hydrodynamic region, the two 
curves coincide. This is because, in this region, the film thickness is sufficient to fully separate 
the two surfaces. As a result, the presence of boundary lubrication has no effect on the friction in 
this region. 
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Figure 6.1: Stribeck curves showing the effect of solid-like boundary lubrication film. 
 
With no lubricating film separating two surfaces, the simple rough surface contact friction model 
of Bowden and Tabor (1942) states that actual solid-solid asperity contacts occur only at a few 
asperity junctions and that plastic deformation occurs at these junctions. The total real area of 
contact of junctions is then proportional to the applied normal load and inversely proportional to 
the hardness of the asperity material. Friction is also proportional to the total real area of contact. 
As a result, the coefficient of friction, µ = FF/W can be written as µ = τ/H. τ is the shear strength 
of the interface between the asperities and H is the hardness of the material. Therefore, selecting 
a material with low shear strength and high hardness can significantly reduce the friction. 
However, this is often not possible. Instead, thin low shear strength layers (boundary lubricating 
films) can be formed on the surface of a hard substrate to reduce the friction. This layer must be 
sufficiently thin so as not to increase the total contact area. Apart from decreasing the shear 
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strength of the interface, the boundary lubricating film also reduces friction by reducing junction 
growth (Spikes, 1992 and Stachowiak and Batchelor, 2005c). 
 
6.1.1 Formation of an Organic Friction Modifier Boundary Film 
A boundary lubrication film can be formed from surface adsorption of surfactant molecules. The 
precursor species for the formation of such a lubrication layer is known as an organic friction 
modifier (OFM). The OFM is added to a lubricating liquid in small quantities, with the liquid 
acting as a carrier. The boundary film is formed as a result of the molecules assembling on the 
surfaces, possibly promoted by the rubbing (may adsorb even out of contact on the surface). 
OFMs were first discovered in the late 1910s, when it was found that the addition of a fatty acid 
in low concentration could greatly decrease the boundary friction of neat mineral oils (Wells and 
Southcombe, 1920). Today, OFMs are often based on fatty acid salts, esters and amides. They 
are usually long, non-polar hydrocarbon chains with a polar end group. The end groups attach 
the FM molecule to the surface via an adsorption mechanism. This adsorption could be 
chemisorption or physisorption. Chemisorbed FMs form covalent bonds with the surfaces, while 
physisorbed FMs attaching themselves to the surface via intermolecular forces, such as van der 
Waals, hydrogen bonds, etc (Stachowiak and Batchelor, 2005c).The most common hydrocarbon 
chain is one derived from oleic acid, with eighteen carbon atoms and one double bond. 
A key feature of boundary lubrication is that the lubricating film is able to self replenish so that 
when it is damaged by rubbing it can reform by absorbing the additive from the supernatant 
liquid lubricant. This distinguishes it from dry coatings and surface treatments, which are applied 
to the rubbing surfaces prior to usage, and whose lubricating effects diminished or lost after 
prolonged rubbing. 
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6.2 DESCRIPTION OF TESTS AND MATERIALS 
 
The aim of these tests is to investigate the effectiveness of organic friction modifier additives on 
sliding silicon surfaces when added to liquids. The test procedures are similar to those in the 
Chapter 5. For the work in this chapter, only the flat-on-patterned surface combination was used. 
The pattern on the surface is the same as that described in Chapter 5. 
For the tests described in this chapter, stearic acid (a fatty acid), octadecylamine and 
diethylamine (amines) were studied. Stearic acid is a saturated 18 C straight chain fatty acid, 
where the –COOH end group is the polar group. This end group is not expected to be absorbed 
onto the native silicon dioxide on the test specimen (described and illustrated in Chapter 3), as it 
is naturally acidic. Tests were run however, to demonstrate that in this particular case, the 
addition of stearic to a lubricant does not reduce the boundary friction. Amines have a polar end 
group of –NH2. They were chosen as they are weak alkalis, and the specimen surface is acidic. 
Therefore, the amine dissolved in a base fluid should be attracted to the silicon surface by 
intermolecular forces. Octadecylamine has been shown to form a monolayer on mica surfaces 
from solution (Benitez et. al., 2002). The surface properties of the native silicon dioxide and 
mica are quite similar. This suggests that the octadecylamine should also form monolayers on the 
surfaces of the test specimens. Octadecylamine is a large and long molecule (18C), and 
therefore, it is insoluble in water (Sigma-Aldrich, 2008). Therefore, diethylamine, with a smaller 
chain length (4C), was used with water. This reduction in chain length is likely to affect its 
performance as a friction modifier. Jahanmir (1985) found that for carboxylic acid and alcohol-
based friction modifiers, the longer the chain length, the lower the boundary friction. The longer 
the chain, the more cohesive intermolecular interactions occur between absorbed molecules and 
this means that films with longer absorbed chains are more resistant to disruption by the higher 
temperature and pressure at asperity-asperity contacts, hence lower friction coefficients. 
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6.2.1 Organic Friction Modifiers in Low Viscosity Liquids - Preparation of Test Liquids.  
In this part of the study, four different low viscosity fluids were used: silicone oil, toluene 
hexadecane and water. For silicone oil, toluene and hexadecane, a 0.1 % (by weight) 
concentration of octadecylamine was employed as OFM. The solutions were prepared by first 
weighing out a small amount of solid octadecylamine and silicone oil. The two were then mixed 
together and then heated to around 50-60 °C. The resulting solution was allowed to cool down to 
room temperature. Finally, it was added to the lubricant bath and the experiment commenced. 
The same procedures were used to prepare solutions with 0.1 % concentration of diethylamine in 
water, and solutions with 0.5 % concentration of stearic acid in toluene. The water used was 
deionised water with a resistance of 18 MΩ. 
A summary of the physical properties of the fluids studied and the OFM additives used in each is 
provided in Table 6.1. 
 
Table 6.1:The low viscosity fluids and their physical properties with the corresponding 
additives and concentration. 
 
 
6.2.2 Experimental Procedure 
For these tests, the experimental procedures were the same as the tests discussed in the previous 
chapter (Chapter 5). The applied load for all of the tests was 0.05 N. 
Lubricant Dynamic Viscosity 
η (cP) 
Density 
ρ (g/cm3) 
OFM Additive % weight 
Silicone oil 
Hexadecane 
Toluene 
Toluene 
Water 
0.880 
3.032 
0.605 
0.605 
0.890 
0.8147 
0.7733 
0.8625 
0.8625 
0.9970 
Octadecylamine 
Octadecylamine 
Octadecylamine 
Stearic acid 
Diethylamine  
0.1 
0.1 
0.1 
0.5 
0.1 
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6.3 TEST RESULTS  
 
6.3.1 Stearic Acid in Toluene 
The test results of 0.5 % stearic acid in Toluene are displayed in Figure 6.2, plotted alongside the 
results for neat toluene. With the speed plotted in logarithmic scale, it can be seen that adding the 
stearic acid increases the boundary friction slightly, from about 0.7 to 1.0.  
The boundary friction was not expected to decrease, as the stearic acid was not expected to 
absorb onto the acidic silicon dioxide surface, and hence not form a boundary film. The reason 
for the increase in boundary friction is not known for certain. The increase is probably due to the 
stearic acid forming precipitates, and hence acting as ―grinding molecules‖. 
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Figure 6.2: Friction coefficient versus speed for neat silicone oil and 0.5 % stearic acid in 
toluene. 
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6.3.2 Octadecylamine in Silicone oil 
The test results for 0.1 % octadecylamine in silicone oil are plotted in Figure 6.3, together with 
the test results for neat silicone oil. From Figure 6.3 a), which has a linear speed scale, it can be 
seen that in the boundary/mixed lubrication region (speeds < 4000 rpm), the friction is reduced 
from 0.55 to a minimum of 0.05 by the addition of the octadecylamine. 
It is clear that the additive provides a low boundary friction film on the surfaces. In the very low 
speed region, the boundary friction appears to increase with speed as indicated in Figure 6.3b), 
which has a logarithmic scale. It is well known that boundary friction of organic friction 
modifiers can increase with sliding speed and this has been explained in terms of an activated 
shear model (Briscoe and Evans, 1982). It should be noted that during testing, a ―sweep 
speeding‖ approach was taken (i. e. start with a low speed, and then increase speed in increments 
without the motor stoppping). This allows time for the boundary film to form at low speeds.  
From around 4000 rpm, the friction from the silicone oil with octadecylamine approaches that of 
the neat silicone oil. This indicates the formation of full hydrodynamic lubricating film, where 
the two surfaces are completely separated. Therefore, the amine absorbed on the surfaces has no 
significant effect on the lubrication. In Figure 6.3, two sets of friction results for both the neat 
silicone oil and the silicone oil with octadecylamine are presented to demonstrate repeatability of 
results. 
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Figure 6.3: Friction coefficient versus speed for neat silicone oil and 0.1 % octadecylamine 
in silicone oil.  a) Linear speed scale.  b) Logarithmic speed scale. 
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6.3.3 Octadecylamine in Hexadecane 
Hexadecane, which is slightly more viscous than the silicone oil, was also investigated. The 
friction results for neat hexadecane (from the preceding chapter) are plotted alongside 
hexadecane containing 0.1 % octadecylamine in Figure 6.4. At low speeds, the boundary friction 
is reduced from about 0.25 to nearly zero over the speed range from 0 to 200 rpm. As with the 
results in Figure 6.3, it shows that a boundary film has been formed, which is possible as the 
―sweep speeding‖ during testing allows time for the formation. On the log scale plot (Figure 
6.4(b), it can be seen that as the friction for the neat hexadecane reaches the minimum, at 
approximately 2000 rpm, the plot for the hexadecane with octadecylamine also changes gradient. 
This is an indication of the transition from the hydrodynamic to the boundary/mixed lubrication 
regime. The friction profiles above 2000 rpm are similar for both neat hexadecane and 
hexadecane with octadecylamine. This is because the two contacting surfaces are completely 
separated so any adsorbed amine on the surfaces should have no bearing on the friction 
performance. The results for hexadecane also appeared to be less ―noisy‖ than those obtained for 
silicone oil. This is probably due to the more viscous hexadecane providing some form of 
―damping‖. 
Lubrication of High Sliding Silicon Micromachines 
I. S. Y. Ku Chapter 6: Boundary Lubrication with Friction Modifier Additives 
 
213 
 
a) 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0 5000 10000 15000 20000
F
ri
c
ti
o
n
 C
o
e
ff
ic
ie
n
t
Speed (RPM)
Neat Hexadecane
0.1% Octadecylamine in Hexadecane
 
b) 
0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
1 10 100 1000 10000
F
ri
c
ti
o
n
 C
o
e
ff
ic
ie
n
t
Speed (RPM)
Neat Hexadecane
0.1% Octadecylamine in Hexadecane
 
Figure 6.4: Friction coefficient versus speed for neat hexadecane and 0.1 % octadecylamine 
in hexadecane. a) Linear speed scale. b) Logarithmic speed scale. 
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6.3.4 Octadecylamine in Toluene 
The results for neat toluene are compared with a solution of octadecylamine in toluene in Figure 
6.5. This figure contains an additional plot of the friction performance after the specimen was 
submerged in the 0.1 % octadecylamine in toluene blend for 48 hours prior testing. 
The boundary friction for neat toluene decreases from about 0.7 to 0.5 on adding 
octadecylamine. However if the specimens are submerged in the blend for 48 hours prior to 
testing, the boundary friction reduces further to 0.2. This reduction in friction due to prolonged 
submersion was only observed when toluene was used as the base fluid. This may be due to a 
competition between toluene, which is also polar, with the octadecylamine for the silicon/silica 
surface. The polar toluene molecules induce electrostatic repulsion, which disrupts the formation 
of boundary films. This suggests that during ―sweep speeding‖, the boundary fim is not fully 
assembled, and a much longer assembly time is required in order to overcome electrostatic 
forces.  
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Figure 6.5: Friction coefficient versus speed for neat toluene and 0.1 % octadecylamine in 
toluene (immediate and after submersion for 48 hours).  a) Linear speed scale.  b) 
Logarithmic speed scale. 
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6.3.5 Dimethylamine in Water 
In this set of tests, diethylamine (4 carbon atoms) was used instead of octadecylamine (18 carbon 
atoms). That was because octadecylamine did not exhibit good solubility in water. Therefore, a 
short chained amine with two amine groups was used and good solubility was achieved with 
water. 
Friction results are shown in Figure 6.6. Initially, the coefficient of friction is between 0.05 and 
0.1 for both neat deionised water and deionised water with added diethylamine. However as the 
speed is raised, the boundary friction gradually increases, with the value of neat water reaching a 
maximum value of about 0.4, while the value for water with diethylamine reaches a maximum of 
about 0.2 (green in Figure 6.6b). 
At first glance, the diethylamine appears to be functioning as a friction modifier. The friction 
versus speed results in Figure 6.6 b) show that on the addition of diethylamine, the fluctuation in 
friction is much reduced. This suggests that initially, diethylamine also acts to reduce the effects 
of solvation at the gap width, as it has a much larger molecular length, at 0.82 nm (estimated 
with the bond lengths in Sutton (1958 and 1965), which is close to the maximum roughness of 
polished silicon. It is possible that the diethylamine molecules become entangled as the gap 
width decreases (Al-Samieh and Rahnejat, 2001). However, when the exact same tests were 
repeated with the same specimens, the results were not repeatable, and the friction across the 
entire speed range appeared to increase at each subsequent run (red and light blue, as shown in 
Figure 6.6a). This is probably due to the accumulation of wear debris. As the surface is worn, the 
surface roughness increases and hence the boundary friction prevails. In the presence of water, 
wear is accelerated as it acts to corrode the surface of the silicon, leaving behind an easily 
abraded hydrated silica film. Work carried out by Graf et al. (1989) explained the corrosion 
process. Water acts to break down Si-Si bonds after being dissociatively chemisorbed on the 
silicon surface, silicon dioxide forms after a series of reactions. The water attack leaves strain 
and altered topography within the silicon structure. Therefore, the silicon dioxide forms at a non-
uniform rate. The oxide formation process is accompanied by a slight corrosive attack by water, 
which roughens the surface. 
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Figure 6.6: Friction coefficient versus speed for neat deionised water and 0.1 % 
diethylamine in deionised water in successive tests. a) Linear speed scale.  b) Logarithmic 
speed scale highlighting the initial reduction in boundary friction. 
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6.3.6 Discussion on the Nature of the Silicon Surface 
Boundary lubrication acts to reduce friction when there are asperity to asperity contacts, and 
friction would normally arise as a result of the shearing that occurs at these asperity junctions. A 
friction modifier forms a boundary film on the asperities to lower the shear stress of the interface 
and reduce asperity to asperity contacts. When studying the provision of a boundary lubricating 
film on silicon surfaces, the surface composition and topography of the silicon surface must be 
considered. In the fabrication of the silicon test specimens, the last step is to remove a thermally 
grown, sacrificial oxide layer. This step will remove all the oxide from the silicon surface. 
However, this state does not last long., as a thin oxide layer will start to form as soon as the bare 
silicon surface is exposed to air and water vapour. Even at room temperature, the oxide forms at 
a rapid rate. This oxide layer is known as ―native oxide‖. The thickness had been measured and 
is found to be around the order of 2-3 nm (Gavrilenko et al., 2009). Usually, without elevated 
temperatures, subsequent growth of the oxide layer is extremely slow, as the oxygen needed to 
form the oxide must first diffuse through the existing oxide to reach the underlying silicon. 
For the purposes of comparison, a fatty acid, stearic acid was added to toluene to investigate its 
effectiveness as a friction modifier. It was found to be ineffective in that there was no reduction 
in boundary friction. However, silicon dioxide is acidic, which may explain why fatty acids such 
as stearic acid does not function well as an additive for silicon, as the acid is not attracted to the 
acid oxide surface, and hence a boundary film does not form. On the other hand, long chain 
amine was found to be an effective friction modifier. The alkali amine is naturally attracted to 
the acidic silicon dioxide surface. In addition, long chain amine is very soluble in many 
hydrocarbon liquids. This means that the long chain amine is continuously entrained into the 
contact with the liquid, which allows a boundary film to continuously replenish as it is worn 
away on the rubbing surfaces, and hence keeping the boundary friction low.  
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6.4 SUMMARY 
 
A series of tests have been conducted with low viscosity fluids with an added amine friction 
modifier. The aim of these tests was to investigate the performance of the friction modifiers in 
reducing friction at low speeds in MEMS. A summary of the test results are as follows: 
i. For the low viscosity fluids, silicone oil, hexadecane and toluene, the addition of 
octadecylamine provided an immediate and significant reduction in friction at low 
speeds. 
ii. The blend with toluene and octadecylamine showed a further reduction in boundary 
friction after submerging the specimens in the blend for 48 hours. This is probably due to 
toluene and octadecylamine both being polar. Therefore, there is likely to be competition 
between both species for the silicon-silica surface and/or electrostatic repulsion, meaning 
that it takes longer for the amine boundary film to fully form (assemble) on the silicon 
surface. This effect was not observed with tests using the other base fluids. 
iii. When diethylamine was added to deionised water, initially the friction at low speed was 
reduced. However, the effect was short-lived, probably due to severe wear of the silicon 
surface and corrosive attack of the surface by water 
iv. Stearic acid is not an effective friction modifier for silicon surfaces. This could be due to 
either the lack of strong absorption of carboxylic acid group to the silicon surface, as both 
species are acidic in nature. 
v. Film thicknesses were not measured in this part for the study, due to limitations of the 
instrumentation. Since OFMs were only found to influence friction at low speeds, it is 
probable that the boundary films formed are quite thin. 
Based on the results obtained from this set of tests, it can be concluded that adding organic 
friction modifier additives to low viscosity fluids can provide an effective method of lubricating 
MEMS at low speeds. 
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Chapter 7:   Ferromagnetic Fluids 
7  
In the previous chapter, friction modifier additives were added to lubricant base fluids to 
decrease boundary friction in a MEMS contact at low speed. The work in the current chapter 
explores the effectiveness of ferromagnetic fluids (i. e. suspensions of magnetic particles in a 
liquid lubricant) for lubricating MEMS. Ferromagnetic fluids require an external magnetic field 
to function, therefore a magnet was incorporated into the test rig described in Chapter 3. A 
series of comparative tests were conducted to explore the factors that affect the lubrication 
performance of a ferromagnetic fluid. 
 
7.1 FERROMAGNETIC FLUIDS  
 
A ferromagnetic fluid consists of three components, a base fluid or carrier fluid, ferromagnetic 
particles and a coating on each particle, as shown in Figure 7.1. Typical base fluids are water, 
hydrocarbons, fluorocarbons, esters, diesters, organometallics and polyphenylethers. In practice, 
there are no liquids that cannot be used as a base fluid, so theoretically it should be possible to 
produce dispersions in liquids suitable for use in MEMS (Saynatjoki and Holmberg, 1993).  
The magnetic particles are in a permanent state of saturation magnetization. Therefore a strong, 
long range magnetic attraction exists between the particles. This attraction can lead to particle 
agglomeration and sedimentation. A coating/surfactant is added to induce short range repulsion 
to prevent agglomeration (Odenbach, 2003). Also, the viscosity of the fluid increases upon the 
addition of the ferromagnetic particles (Rosenweig, 1982; McTague, 1969; Kaiser, 1970 and 
Nagaya et al., 1993). 
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Figure 7.1: Graphic representation of magnetic particles (Efren Andablo-Reyes, private 
communication). 
 
If used as a lubricating fluid, the hydrodynamic behaviour of the ferromagnetic fluid can be 
analysed theoretically by adding a magnetic fluid term to the Reynolds equation (Equation 7.1), 
based on Osman et al. (2001), adapted for the purpose of this study (Efren Andablo-Reyes, 
private communication). 
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where: 
Magnetic body force: mm HHMf  )(0  
μ0 = Vacuum permeability 
M(Hm) = Magnetic response of fluid 
mH = gradient of magnetic distribution 
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7.1.1 Ferromagnetic Fluids in Tribology 
In tribology, ferromagnetic fluids have been shown as effective sealant materials for gases as 
they give low static friction and their starting torque is not greater than their rotational torque. 
Hence friction and wear remain low (Moscowitz, 1975; Goldowsky, 1980 and Ochonski. 1989). 
However, using liquid as a sealant for liquids may cause problems if mixing and substantial 
leakage occur at the interface between the ferromagnetic fluid and the sealed fluid. Therefore, a 
magnetic field must be incorporated into the system in order to keep ferromagnetic fluid in place.  
Any liquid can be made magnetically active and the limiting factor of choosing a ferromagnetic 
fluid for tribological applications is generally the price (Saynatjoki and Holmberg, 1993). Since a 
ferromagnetic fluid has lubricating properties similar to those of its magnetic particle-free 
counterpart, one advantage is that a magnetic field can help retain this lubricant close to a 
contact. As a lubricant, the two main applications for ferromagnetic fluids are bearings and 
gears. Miyake and Takahashi (1985) investigated the effects of using ferromagnetic fluids to 
lubricate sliding bearings. In his tests, a flat non magnetic specimen rotated against a stationary 
specimen, which contained the external applied magnetic field applied in different distributions 
and orientations. By using different orientations of the external applied magnetic field, different 
effects on friction were achieved. If the magnetic field was uniform, the ferromagnetic fluid was 
retained at the sliding surface, hence reducing boundary friction at low speeds, as well as the 
wear caused by ―mechanical contact‖ between the surfaces. To reduce hydrodynamic friction at 
high speed, the ―magnetic‖ specimen needed to contain permanent magnets aligned in alternate 
orientations, resulting in step grooves. The attraction of the magnets caused the ferromagnetic 
fluid to be retained at the step grooves. Both effects were observed regardless of whether the 
non-magnetic specimen was hard or soft.  
Nagaya et al. (1993) investigated the possibility of using ferromagnetic fluids to lubricate thrust 
bearings. In this case, the bearing plate (stationary surface) was connected to a permanent 
magnet. For thrust bearings, the ―critical pressure‖ is defined as the pressure at which the shaft 
contacts the bearing surface. It was found that in dynamic cases, the critical pressures of the 
ferromagnetic fluids were larger at high speed than conventional lubricants. This was due to 
stavation being limited by ferromagnetic fluid retention in the contact. The critical pressure was 
also influenced by the surface geometry. It was higher in cases where both surfaces were flat, 
compared with cases where the bearing plate was grooved. This was due to the grooves breaking 
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the oil film. However, in static cases, the opposite effect was observed. This was due to the 
increased sealing effect of the grooves. 
 
7.2 DESCRIPTION OF FERROMAGNETIC FLUID USED IN THIS 
STUDY  
 
The magnetic fluid used in the current investigation was prepared by the Departamento de Física 
Aplicada, Facultad de Ciencias, University of Granada, Spain. The preparation procedure is as 
follows (Lopez-Lopez et al., 2005): 
i. Preparation of Fe2+ and Fe3+ mixture in water: 18 g of FeSO4·7H2O in 175 ml of water 
was mixed with 34 g of FeCl3·6H2O in 200 ml of water. 
ii. Co-precipitation of iron hydroxides: 88ml of 30 % ammonia solution was added to the 
Fe
2+
/Fe
3+
 solution and vigorously mixed until the value of pH was 10. 
iii. Oleic acid (surfactant) addition: 8 ml of oleic was added to the iron hydroxide solution 
and the resulting emulsion was aged, under vigorous mechanical stirring, for 1 hour at 25 
°C. The mixture was then gradually heated to 95 °C (2 °C/min) to convert the iron 
hydroxide to magnetite. As soon as the temperature of the mixture reached 95 °C, it was 
allowed to cool down to room temperature. 
iv. Oleate adsorption: After cooling, the solution was acidified to pH 5 by the addition of 85 
ml of 35% HNO3. The magnetite surface is positively charged at this pH, and there are 
sufficient oleate ions in the solution to promote adsorption of the oleate ions onto the 
magnetite surface. The resulting particles coagulate and fall down in the solution due to 
the hydrophobicity provided by the oleate layer. 
v. Washing and carrier fluid (in this case, mineral oil) addition: following the 
sedimentation, the precipitate was washed with water four times to remove salts, and with 
acetone to remove water and the unadsorbed oleic acid. The carrier fluid was then added 
to the acetone-wet precipitate. The resulting ferromagnetic fluid was heated at 35 to 
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50 °C under mechanical stirring for 3-4 hours to evaporate the acetone and homogenise 
the suspension. 
vi. Centrifugation: The ferromagnetic fluid was centrifuged to remove any aggregates that 
might be present. For mineral oil, centrifugation was at 4000, 8000 and 12000 g 
respectively for 60 minutes. 
The resulting ferromagnetic fluid contains 3.3 % by volume of magnetite particles in mineral oil. 
The properties of the ferromagnetic fluid are listed in Table 7.1 (Efren Andablo-Reyes, private 
communication). 
 
Table 7.1: Physical properties of the ferromagnetic particles used in experiments (Efren 
Andablo-Reyes, private communication). 
Diameter of magnetite particle (nm): 10  
Concentration of magnetite particles (% by volume): 3.3 
Viscosity of base fluid (cP): 20  
Viscosity of ferromagnetic fluid (cP): 26  
Magnetic saturation of magnetite (kA/m): 449  
 
7.3 DESCRIPTION OF TESTS AND MATERIALS 
 
An external magnetic field is required in order for the ferromagnetic fluid’s magnetic behaviour 
to be expressed. The impact of this magnetic response of lubrication is of interest. Therefore, it 
was necessary to conduct tests with and without the presence of an external magnetic field. The 
adaptations to the MEMS test rig to enable an external magnetic field to be applied will be 
described in the next sub-section. 
In this study, tests were run with a ferromagnetic fluid. For the purposes of comparison, tests 
were also run with squalane, which, at 28 cP at room temperature is of a similar viscosity to the 
ferromagnetic fluid. The applied normal load for these tests was 0.05 N, and the lower test 
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specimens were of the same pattern geometry as described in Chapter 5. For the upper specimen, 
the set up was slightly modified in order to accommodate the external applied magnetic field. 
For these tests, the speed of the motor was first increased incrementally until a maximum speed 
was reached, then the speed was decreased incrementally until stationary. The aim was to study 
the entrainment behaviour of the ferromagnetic fluids. 
Finally, to understand how the strength of the external magnetic field can impact the 
ferromagnetic fluid’s performance, a series of tests were run with magnets of varying strengths. 
Three different strengths of magnet were used. The magnet with the highest strength was as 
supplied (details in the following subsection). The medium strength magnetic was produced by 
baking another magnet from the same batch in an oven for several minutes at 300 °C. The 
weakest magnet was again produced by baking another magnet from the same batch, but for a 
longer period at the same temperature. The strengths of the magnets were quantified by their 
ability to attract other smaller magnets. 
 
7.3.1 Adaptations Made to the Tribometer 
As discussed earlier, in order for the ferromagnetic fluid to fully utilise its potential as a 
lubricant, a magnetic field must be incorporated into the contact set up. The MEMS tribometer 
was modified to provide this (Figure 7.2). As illustrated in Figure 7.2, an additional magnet is 
used. This magnet is manufactured by E-Magnets, UK and has a pull force of 0.1 kg (E-Magnets, 
UK, n. d.). It is of Neodymium type (N42) and has a diameter of 2 mm and a depth/height of 1 
mm. The magnetic strength (flux density) along the axis on the flat surface is approximately 
4667 Gauss, as estimated with the flux density formula provided by a manufacturer, International 
Magnetic Solutions PTY LTD (2004-9).  
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where B is the flux density at a given location, Br is the residual flux density at 13200 Gauss, R is 
the radius at 1 mm, d is the depth/height at 1mm, and x is the distance from the surface of the 
magnet in the direction of its axis, in this case the value is 0 mm. 
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The magnet is held between an upper specimen (for alignment onto the shaft and a glass slide. 
With this magnet, the fluid can remain in the contact, held by magnetic force without the need 
for a lubricant bath. The lower specimen was the same as that used in the flat-on-patterned tests 
in Chapters 5 and 6, i. e. the contact is between a moving glass slide and a stationary silicon disc. 
The test platform chosen for these tests has a smaller centre, as there was no need for a container 
(discussed later in this section). For this particular set up, the tests were carried out over a large 
speed range. The entrainment speed was first increased in increments until a fixed maximum 
speed was reached. Immediately after this, the speed was reduced in increments until the motor 
came to rest. The aim of varying the speed in this manner was to investigate whether the 
ferromagnetic fluid entrained in the contact remained in the contact. 
 
Motor
Upper Specimen
Magnet
Glass Slide
Lower Specimen
Test Platform
 
Figure 7.2: Exploded view of experimental set up for tests with ferromagnetic fluids. 
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Prior to bringing the glass slide into contact with the lower specimen, a small drop of 
ferromagnetic fluid is placed on the lower, contacting side of the glass slide. Despite being 
―upside down‖, the fluid remains on the glass slide and forms a domed shape, as shown in Figure 
7.3a). This is due to the magnetic field pulling in the magnetic particles. The magnetic field also 
ensures that the fluid remains in the contact after applying the normal load, as shown in Figure 
7.3b), and no container is therefore, required to contain the fluid. 
 
a) 
 
b) 
 
Figure 7.3:a) Close up of the set up prior to bringing the surfaces into contact. b) Close up 
of the set up after applying the normal load. 
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7.4 TEST RESULTS FOR FERROMAGNETIC FLUIDS 
 
7.4.1 Friction Response of the Ferromagnetic Fluid, Compared with Squalane (With 
Magnet, Speed Going Up and Down) 
A typical friction curve for a ferromagnetic fluid in the presence of a magnetic field is displayed 
in Figure 7.4. Two different friction versus speed profiles are shown, the first obtained while the 
speed was increased and the second while it was subsequently decreased. In the first profile, the 
boundary friction coefficient has a value of ca. 0.5 at a speed of around 40 rpm, and then 
decreases to a minimum of 0.2 at a speed of around 400 rpm. The friction then increases with 
further increase of speed, as expected with hydrodynamic lubrication. Once the motor speed 
reaches the preset maximum, the motor speed decreases incrementally, to give the second 
profile. In the hydrodynamic region, there is little difference between the first profile and the 
second profile. This is expected as the two contacting surfaces are completely separated by the 
liquid entrained into the contact, and should not be affected by the magnetic particles at all. 
However, when the speed reaches the boundary/mixed region, there is a significant difference 
between the first and second profile. The speed of the transition (400 rpm), from the 
hydrodynamic to the mixed regime, shows little difference. However, as the speed decreases 
further, the friction observed in the second profile is lower than the friction of the first profile at 
the same speed. In the second profile, the maximum boundary friction coefficient is 0.2, less than 
half that of the first profile. The decreased friction in the low speed region is probably due to the 
magnetic particles in the fluid acting as a carrier for the lubricant as follows.  
At the beginning of the test run, as the motor speed was increasing (first profile), fluid was 
entrained into the contact. When the maximum speed was reached and the motor’s speed started 
to decrease, most of the liquid remained in the contact in the presence of the magnetic field. The 
magnetic particles were attracted to the magnetic field and carried the lubricating oil with them, 
regardless of the rotational speed of the motor. As a result, at the same low entrainment speed, 
there were more fluid in the contact when the second profile was observed (speed decreasing) 
than when the first profile was observed (speed increasing). In boundary friction, that was 
significant as the asperity to asperity contacts were reduced when the speed was decreasing 
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(second profile), hence lower friction. The effect was not significant in the high speed region, as 
the two surfaces were completely separated. 
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Figure 7.4: Typical friction versus speed plot for ferromagnetic fluid, with external applied 
magnetic field. Profiles 1 and 2 are labelled. 
 
A similar test was run with squalane, which has a similar viscosity to the ferromagnetic fluid but 
does not contain magnetic particles. In the case of squalane, there is little difference in the 
friction profiles obtained when the speed is increasing and when the speed is decreasing. The test 
results for squalane and ferromagnetic fluid, both with a magnet, are displayed side by side in 
Figure 7.5. For both squalane and ferromagnetic fluid, the peak boundary friction coefficient is 
around 0.5. In the case of the ferromagnetic fluid, the boundary friction begins to decrease at 
about 50 rpm, while for squalane, the friction begins to decrease at around 100 rpm. The earlier 
transition for ferromagnetic fluid could be due to the magnetite particles acting as a carrier of the 
lubricating fluid, hence resulting in more fluid being entrained into the contact at the same speed, 
compared with squalane. Therefore, the surfaces could be completely separated at a lower speed. 
In the hydrodynamic region, the friction profiles for both liquids are very similar. This is 
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expected as the viscosity of the ferromagnetic fluid at 26 cP is similar to that of squalane at 28 
cP. 
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Figure 7.5: Squalane and Ferromagnetic fluid compared, both with a magnetic field. 
 
7.4.2 Influence of Magnetic Field on Ferromagnetic Fluid Friction 
Tests were conducted using the ferromagnetic fluid with and without an external magnetic field. 
The test results for the ferromagnetic fluid without the magnetic field (tests run with the standard 
―wet‖ set-up described in Chapter 3) are plotted in Figure 7.6, alongside the results from with the 
magnetic field from Figure 7.4. Without the external magnetic field, the ferromagnetic fluid is 
seen to exhibit behaviour similar to that of a neat hydrocarbon lubricant, with the friction versus 
speed profiles for increasing speed and decreasing speed differing only slightly. This is probably 
because there was no magnet to attract the magnetic particles. Therefore, the ferromagnetic fluid 
could not remain inside the contact as the entrainment speed was reduced from high values down 
to the boundary/mixed regime. 
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Figure 7.6: Effect of magnetic field on friction of ferromagnetic fluid. 
 
7.4.3 Effect of Strength of the Magnetic Field 
The effectiveness of the ferromagnetic fluid as a lubricant when exposed to different strengths of 
magnetic field was studied, and the resulting boundary friction profiles are plotted in Figure 7.7. 
The tests were conducted at the same session, to ensure that the calibration, and various other 
conditions were kept constant, with the only variation being the magnet used. It was found that 
the stronger the magnet, the lower the boundary friction. This is probably because a stronger 
magnetic field means that more magnetic particles are attracted to the contact. The particles are 
carriers of the lubricating fluid, therefore, more particles mean more lubricating fluid, and hence 
the boundary friction is lowered. 
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Figure 7.7: Performances of magnets of different strengths. 
 
7.5 SUMMARY 
 
A series of tests were run to investigate the effectiveness of a ferromagnetic fluid as a lubricant 
for MEMS. The effects of an external magnetic field were studied. In the presence of an external 
magnetic field adjacent to the contact, the ferromagnetic fluid showed the ability to retain more 
lubricant/fluid than a neat hydrocarbon lubricant of similar viscosity, resulting in decreased 
boundary friction. No such effect was seen if the fluid did not contain magnetic particles or if 
there was no external magnetic field. The reduction in boundary friction was found to be 
influenced by the strength of the external magnetic field. The stronger the magnetic field 
strength, the larger the reduction. 
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Chapter 8:   Wear Tests 
8  
The previous chapters reported the role played by lubricants in the reduction of friction between 
two silicon MEMS sliding surfaces. This chapter focuses on the wear of these sliding surfaces. 
These surfaces were pre-treated in a variety of methods prior to testing, and were tested under 
different conditions. It was found that surface pre-treatment and test conditions greatly affect the 
extent of wear damage on the surfaces. The worn surface profiles were measured using a surface 
profilometer, and the wear volumes of the surfaces resulting from the tests were compared. To 
further understand the wear behaviour, scanning electron microscopy (SEM) and time-of-flight 
secondary ion mass spectroscopy (TOF-SIMS) analysis were carried out on the surfaces.  
The work presented in this chapter can be found in Ku et al. (2011b). 
 
8.1 WEAR IN SLIDING MEMS 
 
Silicon is the most commonly used material for MEMS devices, due to its ease of planarisation, 
high elastic modulus and low density, as well as its cost. Silicon’s tribological properties, 
however, are not as desirable. As discussed earlier, the dominance of surface forces over inertial 
forces in MEMS leads to high friction and stiction. The surfaces are often covered with a native 
oxide layer, which is hydrophilic in nature. Hence, water menisci form easily on these surfaces 
and cause stiction, both during release and application. The contact areas in MEMS are small, 
which result in very large contact pressures, which can lead to plastic deformation. For example, 
the hubs on micro gears can gather up wear debris after a few million cycles, where the 
agglomeration and increase in friction irreversibly bind the gear (Tanner et al, 1998). This 
damage is shown in Figure 8.1. Wear is another important tribological factor that greatly affects 
the development and performance of MEMS devices, in addition to friction and stiction. While 
friction determines the operating efficiency and whether the moving parts will function, wear 
determines the reliability and stability of MEMS devices. 
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It is often impractical to restrict the environment in which the MEMS devices operate. There 
have been investigations into the tribological properties of MEMS devices when operated in 
vacuum environments. However, there are not many MEMS applications where vacuum is 
maintained for long periods. Therefore, it is inevitable that in real life MEMS applications the 
surfaces are prepared in many ways and/or are exposed to different ambient environments. In 
many cases, water vapour and air borne contaminants attach themselves to the MEMS surfaces 
during preparation and/or testing. 
The work outlined in this chapter concentrates on the effect of surface preparations and testing 
conditions on the wear of silicon surfaces under prolonged sliding conditions. Testing was done 
using the tribometer outlined in Chapter 3. Both the friction and wear were quantified. The test 
results give useful insights on wear prevention and the possible processes that occur during wear 
of silicon. Furthermore, the worn surfaces resulting from the tests were examined to determine 
the length scale of wear debris and the extent of debris agglomeration. Also, surfaces with 
different preparations were analysed using TOF-SIMS to study the surface chemistry. 
 
             a)                                                                   b) 
 
Figure 8.1: SEM images showing a) the undamaged sidewall of the pin hole in the drive 
gear on control sample. b) The severe pin hole damage in drive gear tested to failure 
(Tanner et al, 1998). 
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8.1.1 Current Findings and Understandings of Wear in MEMS- in situ Studies 
There are two main approaches to studying wear in MEMS, either in situ measurement on an 
actual MEMS device or using test rigs or instruments to simulate a MEMS contact.  
The majority of in situ studies to date have involved running a MEMS device to failure or up to a 
specified number of cycles. However there have been only a limited number of studies where 
wear was quantified.  
Henck (1997) investigated the life of the mirrors in Digital Micromirror Display (DMD) units. 
These MEMS devices are fabricated from metal, rather than silicon. Metals of high boiling point 
are likely to have high surface energy and very high active surface chemical interactions. In the 
study, failure was defined as when the rotating parts of the mirrors suffered from stiction, and 
required applying a reset voltage to restart. Many lubrication methods were investigated in this 
study. Perfluorodecanoic acid (PFDA) self assembled monolayers (SAMs) films were found to 
be the best lubricant because, in general, no reset voltages were required. The mobile phase of 
PFDA allowed the lubricant film to be replenished as it was being worn away. However, a 
hermetically sealed chip package must be used to ensure an effective operation, as PFDA is 
susceptible to chemical attacks, moisture decomposition and thermal desorption. A Fomblin 
lubricant, Z25, (a perfluoropolyether) applied in a thin film was also effective. The mirror array 
lubricated with this Fomblin liquid film had the highest percentage of mirror pixels that released 
without resetting after 8000 hours of operation, compared to silicon oil where all of the mirrors 
required resetting after only around 5500 hours. Another Fomblin fluid, Y18/8, however, showed 
much poorer performance. These results are plotted together with results of other liquid films in 
Figure 8.2. 
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Figure 8.2: Percentage of mirrors which release without the use of reset voltage for a 
variety of liquid lubricants. The mirrors operated at 2.75 kHz (Henck, 1997). 
 
Waits et al. (2007) investigated the wear life of encapsulated micro ball bearings. The bearing 
was placed in a chamber of the test rig. A nitrogen line was located on the edge of the test 
chamber, and caused the outer portion of the die to spin. The tests were run until the balls 
jammed (Figure 8.3). For a bearing with no lubricant, run at a constant nitrogen line pressure, the 
start up speed was around 9000 rpm and the steady speed was around 4000 rpm. Jamming 
occurred after 39 minutes (Figure 8.4a)). The change of speed was caused by the surfaces 
roughening during the test, causing the friction to increase and hence slowing the angular 
velocity. The steady speed in the remainder of the test run was due to the wear geometry 
changing from a point to a large flat area. This in turn reduced compressive stress and wear rate. 
The wear rate eventually became low enough that the velocity remained steady for the rest of the 
run. Figure 8.4b) and c) illustrate the worn ball and raceway respectively. 
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Figure 8.3: Optical picture of ball jamming occurring within the ball bearing race (Waits et 
al., 2007). 
                                    a) 
 
          b)                                                                  c) 
  
Figure 8.4: a) Angular velocity versus time from the start of test up until the bearing seized, 
showing the initial start-up speed and steady speed for a constant 15.5 psi line pressure. 
SEM images of b) stainless steel ball after bearing seizure, and c) raceway after bearing 
seizure (Waits et al., 2007). 
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To the author’s knowledge, there are only a limited number of in situ studies where the wear on 
the surface has been quantified. In one study, the wear was measured from the resulting variation 
in bearing clearance (Mehregany et al., 1992 and Deng et al., 1994). Another study investigated 
the effect of humidity on an actual microengine with connected gears (Tanner et al, 1999). The 
wear life of these motors was found to increase when the surfaces were coated with 
perfluorodecyltrichlorosilane (FTS), rather than undergoing supercritical drying. A series of tests 
were conducted with FTS coated gears at a range of humidities. It was found that the higher the 
humidity, the lower the wear rate (Figure 8.5). Higher humidity enabled the formation of 
hydroxide on the surfaces which acted as a lubricant.  
 
 
Figure 8.5: The variation of wear rate with relative humidity of FTS coated microengines. 
The wear rate decreases as the humidity increases (Tanner et al., 1999). 
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8.1.2 Current Findings and Understandings of Wear in MEMS - Studies with Tests 
Carried out Using Test Rigs 
The paucity of in situ studies can be attributed to the cost and time-consuming nature of MEMS 
device fabrication. The alternative way to test the wear resistance of MEMS and lubricants for 
use in MEMS has been to use test rigs/instruments. These can either be commercially available 
or custom designed by research groups. The most widely used method involves commercial 
tribometers with a micro pin on disk contact geometry. An illustration of this is presented in 
Figure 8.6.  
 
 
Figure 8.6: “Pin” on disk set up employed by Gatzen et al., (2003). 
 
Bhushan and Venkatesan, (1993) utilised a pin on disk set up to simulate the read/write head of 
hard drives. Pins of different materials were rubbed against a relatively large, spinning disk, 
either bare or covered with a perfluoropolyether lubricant coating. Friction was found to be 
dependent on the transfer of carbon atoms from the disk to the pin or the fracture of the pin. The 
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presence of the lubricant coating delayed the tribochemical reactions and transfer of carbon 
atoms at the interface, and hence the degradation of the interface. 
DLC coatings were also investigated with a pin on disk set up by Bandorf et al (2004). Various 
grades of DLC coatings deposited on substrates of varying hardness were tested. At the 
microscopic scale, the friction coefficient was load dependent and the friction greatly reduced if 
the substrate had a high elastic modulus. The wear resistance was found to increase when using a 
hard coating on top of a soft substrate.  
Haseeb et al (2008) conducted a series of tests with a pin on disk micro tribometer made by 
CSEM
TM
. A steel ball was employed as the pin. The disks were coated with Ni-W alloys with 
varying tungsten content. It was found that pure nickel films sustained more damage than Ni-W 
alloy films under the same conditions. Adhesive and oxidation wear mechanisms were found to 
be operative under these conditions and there was a considerable amount of material transfer 
from the ball to the substrate.  
A popular, custom built tribometer has been the sidewall friction device. It consists of two comb 
drive actuators, one to produce a reciprocating motion and the other to provide the normal load 
(Figure 8.7). Alsem et al. (2007, 2008) found that wear debris was produced by adhesion, which 
subsequently ploughed into sliding surfaces. The extent of this was not quantified. Asay et al 
(2008a, 2008b) conducted linear wear tests with a device with the same specifications to assess 
the effectiveness of n-pentan-1-ol lubrication delivered in the vapour phase. By maintaining a 
certain vapour pressure of n-pentan-1-ol, the replenishment was sufficient to reduce friction and 
limit wear. TOF-SIMS analysis showed that the wear reduction was due to high molecular 
weight oligomer species produced from tribochemical reactions which occurred at the contact 
areas. 
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Figure 8.7: Sidewall friction/wear test device. The device produces two-axis motion 
provided by electrostatic comb drives used to pull a beam against a post and wearing the 
two surfaces (the contact cross section is superposed on the upper left image). The bottom 
left image shows the device in motion during a wear test (Alsem et al., 2008). 
 
Patton et al. (2000) and Patton and Zabinski (2002b) employed a set up known as a ―MEMS 
electrostatic lateral output motor‖. The contact consisted of a slider (ball) reciprocating against a 
flat surface. The authors found that the wear mechanism of silicon in dry air was different from 
that in vacuum, due to the former allowing the regeneration of the native oxide on the silicon 
surfaces. A similar set up was used by Smallwood et al. (2006) to study the wear performance of 
DLC coated MEMS surfaces. Here it was found that the coated MEMS devices always 
performed better than those that were uncoated, in terms of friction, wear and lifetime and even 
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performed well at high relative humidities. Most severe wear was observed for uncoated surfaces 
sliding in vacuum, due to the high adhesion forces and cold welding. 
Beerschwinger et al. (1994) designed a purpose-built tribometer to investigate the wear reducing 
properties of various coatings for MEMS. The set up allowed multiple specimens to be tested 
against a rotating substrate. The specimens were in a circular arrangement on the holder. This 
allowed varying sliding distance with the same number of revolutions. The authors found that 
DLC sliding on DLC showed the lowest wear rate, while silicon nitride exhibited high wear 
rates. For the latter, wear was three orders of magnitude higher than for DLC on DLC, and could 
lead to the collapse of the rotor due to the increased wear depth causing imbalance. Two possible 
wear mechanisms were identified: asperity fracture or asperity deformation. 
 
8.1.3 Replenishing Lubrication Regimes for the Reduction of Wear 
The anti-wear coatings described above aimed to provide a protective layer to resist wear during 
high sliding. However, once worn away, the layer could replenish itself, leading to device 
failure. This fact motivates the investigation of self-replenishing lubrication mechanisms to 
prevent and reduce wear in MEMS devices. Currently, only two self-replenishing lubrication 
mechanisms have been investigated and reported. These are the vapour phase techniques (Asay 
et al., 2008a and Asay et al., 2008b) described above, and liquid lubrication. The latter is very 
effective at the macro-scale. However, as described earlier in this thesis, it has largely been 
ignored for MEMS devices, generally due to the assumption that viscous drag forces will be 
excessive.   
In the current study, as described in earlier chapters, a MEMS tribometer has been developed and 
used to explore new lubrication techniques and in particular liquid lubrication. It has been shown 
that a hydrodynamic film can reduce friction to acceptably low levels, providing a lubricant of 
sufficiently low viscosity is used. Furthermore, friction modifier additives can be blended with 
the lubricant to reduce friction under conditions where the entrainment speed is insufficient to 
generate a hydrodynamic film.  
In this chapter the wear behaviour of uncoated silicon surfaces is studied. The low load and small 
contact area afforded by the newly-developed tribometer allows friction and wear to be measured 
under conditions that are representative of MEMS. The aim is to gain understanding of the 
Lubrication of High Sliding Silicon Micromachines 
I. S. Y. Ku Chapter 8: Wear Tests 
 
247 
 
relationship between surface conditions and the mechanisms and extent of wear, and to compare 
the merits of self-replenishing MEMS lubrication mechanisms. 
 
8.2 DESCRIPTION OF TESTS AND MATERIALS 
 
Tests were carried out on the tribometer described in Chapter 3. A contact is produced by 
loading and rotating a silicon disc (upper specimen) against a stationary lower specimen. Full 
details on the operation of the tribometer are outlined in Chapter 3. 
For the wear tests described in this chapter, a typical test consisted of loading the two specimens 
together with a normal load of 0.05 N, with the upper specimen rotating against the lower 
specimen at a constant, and quite low, rotational speed of 500 rpm. The duration of each test was 
90 minutes, which corresponds to 45000 cycles and a nominal sliding distance of 283 m (at the 
mean radius). Throughout the test, the frictional torque was continuously measured, this data 
being acquired using data acquisition software as described in Chapter 3. After each test, the 
upper specimen was removed and a topography map of the ―worn‖ surface was measured with a 
Wyko optical surface profilometer. Because of the surface geometry of the lower specimen as 
described in the next section, contact only occurred over part of the radius.  This means that an 
unworn section would always be present on the upper specimen. The profile of this section was 
used as a datum from which the depth of wear is determined. 
Three test rig configurations were employed to provide different test conditions, as described in 
Chapter 3. These configurations were ―wet‖, ―fully submerged‖ and ―vapour phase test‖. As the 
vapour phase test configuration is only employed in the work in this chapter, a schematic 
diagram of the vapour supply set up is shown in Figure 8.8 (reproduced from Chapter 3). The 
system was set up to supply alcohol saturated argon gas. Details on how the system functions are 
described in Chapter 3. 
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Figure 8.8: Schematic of vapour supply set up. 
 
8.2.1 Specimen Details and Surface Preparation 
The silicon disc specimens used in this study were the same as those in Chapters 5, 6 and 7. The 
upper rotating specimens were 2 mm diameter flat silicon discs. The lower stationary specimens 
were patterned so they resemble a miniature thrust pad bearing. This is first described in Chapter 
5. An illustration of the pattern is reproduced here in Figure 8.9. 
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Figure 8.9: Illustration of the patterning in the lower specimens. 
 
For all tests, the silicon test specimens were oxygen plasma treated for 15 minutes to remove all 
organic contaminants and water on the surface. During this process, the high energy plasma 
particles reacted with the organic materials on the surface to form carbon dioxide and methane. 
The plasma cleaner used was manufactured by Harrick Plasma, Ithaca USA. The temperature of 
the plasma was in excess of 200 °C, which will remove any water molecules from the specimen 
surfaces (Harrick Plasma, n.d.). 
Three different treatments were then carried out prior to testing. 
i. Immediate testing. These specimens were immediately tested following plasma cleaning.  
ii. Desiccator treatment. Following plasma cleaning, some specimens were left in a 
desiccator for 15 hours. The desiccator contained a beaker of water, and a petri dish 
holding the specimens. As soon as the specimens were placed inside and the desiccator 
lid closed, the chamber was pumped with Argon. This ensured that the silicon specimen 
surfaces were exposed to only water vapour, but none other air-borne contaminants. 
iii. Ambient air exposure. Following plasma cleaning, some specimens were exposed to 
ambient air for 15 hours. The aim was to allow water vapour and air borne contaminants 
to be deposited on the silicon surfaces. 
 
8.2.2 Lubricant/Test Conditions 
Tests were carried out under three different sets of conditions: 
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i. Dry. The tests were carried out in an ambient air atmosphere (in ―wet‖ configuration). 
ii. Submerged. A number of tests were run with the contact submerged in a liquid lubricant. 
A small lubricant bath containing the specimens was filled out with the liquid lubricant of 
choice. The lubricants used were hexadecane, deionised water and n-pentan-1-ol (in 
―fully submerged‖ configuration). 
iii. Vapour phase. For one set of tests, the specimens were not submerged in a liquid 
lubricant, but lubrication was supplied constantly in the vapour phase. To do this, the 
contact was housed within a chamber and 1-pentanol saturated argon was supplied by the 
vapour supply system. The vapour was supplied at 3-4 litres per minute. Prior to starting 
the test, the chamber was purged with the vapour for five minutes (in ―vapour phase test‖ 
configuration). 
 
8.2.3 Tests Carried Out 
Table 8.1 presents a summary of the tests carried out. Each test was run three times, in order to 
assess the repeatability of the results. Friction was measured throughout the 90 minute test run, 
and wear was quantified by measuring the profile of the specimen once the test had finished. 
 
Table 8.1: Outline of the tests carried out. 
Description Surface Treatment Lubricant 
Not stored/Dry Immediate Testing Dry
Not stored/H2O(L) Immediate Testing DI Water
Not stored/C16H34 (L) Immediate Testing hexadecane
Not stored/C5H12O(L) Immediate Testing n-pentan-1-ol liquid
Not stored/C5H12O(V) Immediate Testing n-pentan-1-ol vapour
H2O vapour stored/Dry Desiccator Treatment Dry
Air stored/Dry Ambient Air Exposure Dry
Air stored/H2O (L) Ambient Air Exposure DI Water  
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8.3 TEST RESULTS 
 
The test results are presented in two separate sections, describing friction and wear results 
respectively.  
 
8.3.1 Friction 
The friction results for contacts lubricated with hexadecane (Not stored/C16H34) are shown in 
Figure 8.10, where the coefficient of friction is plotted against the duration of the test. There is a 
reasonably good agreement between the three tests. Although the test conditions were kept 
constant throughout each test, a variation of friction with time is evident. If wear was present, 
this variation can be attributed to the change in surface topography and/or the agglomeration of 
wear debris in the contact. However, no measurable wear was observed in any of the three tests. 
It is possible that a partial lubricant film formed even at 500 rpm in the boundary/mixed region. 
In sliding contacts with a lubricant film, the heat from the surface can result in a temperature 
gradient across the film, which in turn causes a viscosity gradient (Cameron, 1958). This 
gradient may change over time, hence causing the friction to vary over the course of the test. 
Another possibility is that with the partial lubricant film, there are some asperity contacts. This 
leads to stick-slip behaviour, which causes the change in friction with time. 
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Figure 8.10: Friction versus time for a series of three tests with hexadecane. 
 
From this point onward, the friction results will be presented as time averages of the individual 
friction traces. Figure 8.11 shows the time averaged friction coefficients for each surface 
preparation/test condition combination (with error bars); the conditions are listed in Table 8.1. 
For the not stored/dry and H2O vapour stored/dry tests, the friction coefficients were larger than 
the maximum measurable value which was a value of 4 at the load employed. These are 
represented by red arrows. For the conditions where the values of friction coefficients were 
measurable, the bar represents the average time averaged coefficient of friction out of the three 
tests and the errors in the error bars are equal to the standard error. 
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Figure 8.11: Average coefficient of friction from each test condition, as listed in Table 8.1. 
Note: red arrows indicate that the friction was larger the maximum measurable value, a 
coefficient of friction of 4. 
 
8.3.2 Wear 
The results for wear are presented as 2-D traces of the surface profile of the upper specimen after 
testing had taken place, with traces from the circumferential edge to the centre of the specimens 
running from left to right (Figure 8.12). Not all the conditions are plotted, only the profiles with 
measurable wear and one condition with no measurable wear (dry/air stored). 
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Figure 8.12: 2D profiles of surfaces after the test runs. Scales on the y-axes vary. 
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Additionally, wear is presented as the average wear volume, Vol, from the three tests at each 
condition. Assuming the wear profile is axis-symmetric, the wear volume is evaluated by first 
obtaining a 2-D profile across the radius from the centre to the circumferential edge. The worn 
profile is subtracted from the datum (profile from centre of the pad extrapolated to cover the 
entire radius) and then made positive. This area under the resulting ―profile‖, Z(r) is then divided 
up into N thin strips of equal increments, ∆r. The numerical integration is performed as follows: 
evaluate the area under the first strip (multiply ∆r by the local Z(r)), then multiply by 2π and the 
―local‖ value of the radius, ri, relating to the strip, as shown in Figure 8.13. The process is 
repeated for all of the strips and then all the individual ―integral rings‖ are summed up to give 
the wear volume. This is represented in Equation 8.1. 
)(2
1




Ni
i
ii rZrrVol   (8.1) 
 
 
r 
δr
r 
Z(r) 
z 
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Figure 8.13: Illustration showing the integration performed to evaluate the wear volume. 
 
The wear volumes are shown in Figure 8.14 as a bar chart. The test conditions with no bars 
indicate that no measurable wear was present. As with Figure 8.11 earlier, the bars represent the 
average wear volume out of the three tests for each condition, with error bars representing 
standard error. 
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Figure 8.14: Average wear volumes for each test condition. 
 
8.4 DISCUSSION 
 
8.4.1 Dry Conditions 
Under the test conditions identified as not stored/dry, the specimens were tested immediately 
following plasma treatment. In Figure 8.11, the average coefficients of friction for this set of 
conditions are not displayed. This is because the coefficients of friction for all three test runs 
were above the maximum measurable value, 4. It should be noted that the maximum measurable 
coefficient of friction can be increased by fabricating a test platform with a higher torsional 
stiffness. Extensive wear was also observed on the specimens following testing under these 
conditions. It is thought that the high wear rate results in wear debris. This is a problem with 
high sliding MEMS (Beerschwinger et al, 1994 and Tanner et al., 1999), as the sizes of the 
debris clusters are of similar scale to the device. 
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In a previous investigation described in Chapter 5, a relatively low friction was observed for 
unlubricated sliding. The discrepancy between the current high and previously measured low 
friction values can be attributed to two reasons. Firstly, the specimens in the previous tests were 
only cleaned in solvents, and not treated with plasma, while the plasma treatment for the current 
tests is likely to remove contaminants on the surfaces much more stringently. Also the current 
tests were run for a considerably long period (90 minutes instead of 11 minutes). The longer test 
period is likely to allow debris to agglomerate in the contact, impede the motion of the shaft and 
result in considerably higher friction values. 
SEM images of worn specimens from the not stored/dry tests are shown in Figure 8.15 a)-c) 
(lower specimen) and Figure 8.15: d)-f) (upper specimen). Figure 8.15: d) shows the whole of 
the worn upper specimen. The unworn region in the centre and the worn region on the edge are 
clearly visible. The surface profiles from these two regions are compared so that the wear 
volume can be evaluated. The wear tracks are in the form of concentric grooves. The wear debris 
particles are displayed in Figure 8.15: a)-c), where the size of one particle is around 3-20 µm. 
The shape of the wear track and larger than asperity size of the particles suggest that the wear is 
caused by abrasion or plastic ploughing by the wear debris particles. The debris particles are 
shown to be the most visible at the furthest clockwise edge of the bearing land. This positioning 
is possibly due to the rotation of the upper specimen during testing, which carries the wear 
particles from one pad before they are scraped off on the following pad. The debris is probably 
initiated as a result of the asperities from the two surfaces coming into contact, with nano-scale 
adhesion and stick-slip occurring while sliding against each other. Plastic flow occurs in the 
asperities and leads to cold welding, with material eventually breaking off (Tanner et al., 1998). 
The composition of the debris was initially believed to be silicon, but Tanner et al. (1999) 
conducted Energy Dispersive Spectroscopy investigation into similar debris and found that it 
was composed mainly of oxidised silicon. Tanner suggested a possible formation mechanism as 
follows. Initially, the native oxide is worn and becomes debris. Following repeated sliding, the 
―flash temperature‖ from sliding caused the underlying silicon to oxidise. This leads to only 
oxide material being rubbed off. In most instances, the debris is observed to be in clusters, 
suggesting that they agglomerate during the tests. This is confirmed by studies conducted by 
Patton et al. (2000), Patton and Zabinski (2002b) and Alsem et al. (2007 and 2008).  
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 a)                                                                 d) 
 
 b)                                                                 e) 
 
 c)                                                                 f) 
 
Figure 8.15: SEM images of worn specimens from the not stored/dry tests (after 90 minutes 
of sliding, at 500 rpm, i. e. a sliding distance of 283 m at the MEAN RADIUS). 
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The next set of dry tests is the air stored/dry tests. Following plasma treatment, the specimens 
were exposed to ambient air for 15 hours prior to testing. Airborne contaminants and water 
vapours were thus allowed to deposit onto the cleaned silicon surface. The average time-
averaged coefficients of friction for this set of tests was 0.45 and considerably lower than that for 
the not stored/dry tests, which were beyond the measuring scope of the test platform. Figure 8.14 
shows that the wear volumes for the air stored/dry tests are also much lower. In fact, they were 
too low to be measured by the optical profilometer, which has a precision down to 1 nm. It is not 
immediately obvious as to why the friction and wear underwent such a reduction but is 
presumably due to water vapour or contaminants from the air attaching themselves to the silicon 
surfaces, and hence providing some form of lubricating film. 
To establish whether it was the water absorbed onto the silicon that ―prevented‖ the wear, a set 
of H2O vapour stored/dry tests were conducted. In this case, following plasma treatment, the 
specimens were placed in a desiccator containing only a beaker of water and argon, creating a 
humid atmosphere. In this way, the specimen surfaces were exposed to only water vapour, while 
being free from other airborne contaminants. As shown in Figure 8.11, the time averaged 
coefficients of friction for this set of tests are extremely high, above the measuring scope for the 
test platform (coefficient of friction greater than 4). The only other time where such high 
coefficients of friction was observed were the tests run immediately after the specimens were 
plasma treated (not stored/dry). This proves that air borne species other than water significantly 
reduce friction between the surfaces. The corresponding wear volumes, as shown in Figure 8.14, 
show that a significant amount of wear is present. However, the average volume is half of that 
when the specimens were tested immediately after plasma treatment. These observations are 
analogous to the results obtained by Tanner et al. (1999), Patton et al. (2000) and Patton and 
Zabinski (2002b), where there is a correlation between humidity and wear. The wear of sliding 
silicon surfaces in a humid environment is somewhat less than in a dry environment. The authors 
concluded that the water terminates the dangling silicon bonds on the surfaces and form Si-OH 
and Si-H, and the surface hydroxide may act as a lubricant, which provides wear resistance. 
By comparing the test results for dry conditions, the condition where the least wear was observed 
has been the air stored/dry, showing that air borne contaminants, most possibly hydrocarbons as 
well as water molecules deposit onto the silicon surfaces and provide superior wear resistance. 
Such lubricious material cannot solely come from water molecules, as a significant amount of 
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wear occurs in the vapour stored tests. Still, this amount of wear is half of when the specimens 
were tested immediately following plasma treatment (not stored/dry). These observations suggest 
that water does provide some wear protection, although not as effective as when combined with 
other airborne contaminants. 
Atmospheric water vapour is known to adhere to silicon surfaces by forming hydrogen bonds 
and results in films several monolayers in thickness (Takahagi et al., 2001). However, the above 
air stored/dry results suggest that some other, important form of air borne contaminants must 
have deposited on the surfaces during the 15 hours of exposure to ambient room air. In order to 
identify the contaminants, time-of-flight secondary ion mass spectroscopy (TOF-SIMS) analysis 
was carried out on two sets of silicon specimens: a) those that had been plasma treated 
immediately (<30 seconds) beforehand, and b) those that had been exposed to room air for 15 
hours. The TOF-SIMS analysis was carried out by Dr. David Scurr of The University of 
Nottingham. TOF-SIMS analysis is sensitive to very low concentrations of surface species, and 
can therefore produce large amounts of useable data. Therefore, principle component analysis 
(PCA) was carried out on the TOF-SIMS results to differentiate between the two surfaces. The 
PCA analysis showed two clear findings. Firstly, plasma cleaned surfaces contain higher 
concentrations of silicon/silicon compound ions. Secondly, the air-exposed specimens have 
considerably larger quantities of long chain organic molecules (comprising 4 to 14 carbon 
atoms). These observations confirmed that some surface film, composed mainly of hydrocarbon 
compounds, is covering the air-exposed specimen, as speculated above. The TOF-SIMS 
concentration maps for C4H12NO shown in Figure 8.16 a) and Figure 8.16 b) give an example of 
this (though it should be noted that many other hydrocarbons were also found).  
The presence of these organic contaminants explains the greatly reduced friction and wear of the 
air-exposed silicon specimens. During cleaning, the oxygen plasma is likely to have removed 
most of the organic contaminants by reacting with them to form carbon dioxide. It appears that 
ambient air is providing a form of vapour phase deposited lubrication film, albeit somewhat 
uncontrolled. There are two possible origins of these contaminants. Firstly, as the tests were 
carried out in a tribology laboratory in a major city (London, UK), the contaminants may have 
originated from normal city atmospheric air. Secondly, there was other research taking place in 
the laboratory, the contaminants could have come from the cleaning solvents or oil specimen 
samples present in the laboratory environment. 
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Figure 8.16: TOF-SIMS map showing intensity of C4H12NO peak present on a) a sample 
immediately after plasma cleaning, and b) 15 hours after plasma cleaning (bright spots 
represent the peaks). 
 
8.4.2 Submerged-Water 
For the tests where the contact is submerged in water, two different surface preparations were 
investigated; plasma cleaned (not stored/H2O (L)) and plasma cleaned followed by exposure to 
air for 15 hours (air stored/H2O (L)). Figure 8.11 shows that after exposure to air, the time 
averaged coefficient of friction almost doubles. It is interesting to note that this effect is the 
complete opposite for the case where the tests were run in air, and the contacts not submerged in 
water. The explanations for such an observation are not immediately obvious. However, it is 
known from Chapter 5 that an entrainment speed of 500 rpm is only sufficient to partially 
separate the two sliding surfaces. As a result, asperities from the two surfaces will come into 
contact during sliding. Following air exposure, the surfaces are no longer as hydrophilic, and 
therefore cannot ―attract‖ extra water molecules from the water bath to form a monolayer to 
protect the surfaces. At a sufficient speed, water can indeed produce a hydrodynamic film to 
fully separate the surfaces, but water has been shown to also attack the silicon surfaces, when 
mixed with an amine friction modifier (Chapter 6). The corrosion process occurs when the water 
(the silicon is fully submerged) breaks the Si-Si bonds after being dissociatively chemisorbed on 
its surface (Graf et al., 1989). Looking at the surface profiles of the specimens that have been 
exposed to air prior to the tests, it appears that corrosion does occur. From the findings in 
Chapter 6, it can be argued that this corrosion process is more severe when a ―significant‖ 
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quantity of organic species (physisorbed from airborne contaminants) is present on the specimen 
surfaces and they are fully immersed in water. The reason for which is not clear. 
From the surface profiles of the specimens that were tested immediately after plasma cleaning, 
the corrosion effect must have been reduced significantly since there is only a small amount of 
measurable wear (Figure 8.14). One possible explanation is that the plasma cleaning removes 
most of the water molecules on the silicon surface and leaves the surfaces highly hydrophilic. 
For this series of tests, as soon as the specimens were submerged into the water bath, a 
monolayer of water molecules attached themselves onto the surfaces resulting in wear protection, 
more so than if the surfaces had been exposed to air following plasma treatment.  
 
8.4.3 Submerged- Hexadecane and N-pentan-1-ol 
The time averaged coefficient of friction for the specimens submerged in hexadecane (not 
stored/C16H34) is 0.15, which is acceptably low. Additionally, Figure 8.14 shows that no 
measurable accompanying wear occurred. From Chapter 5, at an entrainment speed of 500 rpm, 
the mixed/boundary regime operates with this fluid. In this regime, some degree of contact 
should occur. However, the surfaces must be sufficiently protected in order to prevent wear. The 
effectiveness of hexadecane as a lubricant has already been established earlier (Chapter 5). Due 
to its low viscosity, hydrodynamic friction is acceptably low over a large speed range. This is 
especially noteworthy in the lower speed range, where it exhibits lower boundary friction than 
liquids which are higher in viscosity. This suggests that hexadecane molecules may be more 
easily attracted to or pack better on silicon surfaces. 
The specimens that were submerged n-pentan-1-ol liquid give similar results to hexadecane. 
There was no measurable wear and the time averaged coefficient of friction was 0.05. Asay et al. 
(2008a, 2008b) established that vapour phase delivered n-pentan-1-ol significantly improves the 
lifetime of sliding MEMS components. The authors analysed the surfaces after the sliding tests 
and found that n-pentan-1-ol vapours formed higher molecular weight oligomers on the surfaces 
in contact via tribochemical reactions. These oligomers were believed to effectively protect the 
surfaces. It is very possible that the very same lubrication mechanism operates when the 
lubricant is delivered in the liquid phase in the current investigation. 
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8.4.4 Vapour Phase Lubrication 
Tests with the n-pentan-1-ol delivered in the vapour phase (not stored/C5H12O (V)) were carried 
out to compare the results with liquid n-pentan-1-ol, and with the original results of Asay et al 
(2008a, 2008b). In the current vapour phase tests, no measurable wear was observed, which 
agrees with Asay et al. and the liquid n-pentan-1-ol results. This further proves the anti-wear 
properties of n-pentanol, which can be delivered in either vapour or liquid phase.  
However, the time averaged friction coefficient was slightly higher than the average obtained 
previously, 0.28 as opposed to 0.2 by Asay et al (2008a) and ca. 0.05 for liquid pentanol. The 
difference between the first two was larger than expected. This may result from small differences 
in the conditions between the current tests and the tests conducted by Asay et al. In the current 
tests, the contact geometry was that of a thrust pad bearing, rather than the ball on flat 
configuration used by Asay et al.. The latter is likely to result in variations in the contact 
pressure during the test. In the current work, the saturated vapour pressure was not monitored, 
while only the flow rate of the vapour into the chamber was monitored. The chamber was not 
hermetically sealed, therefore, it was assumed that there was some vapour leak, and hence 
possible insufficient replenishment to keep the friction as low as possible.  
The average friction for the liquid n-pentan-1-ol was much lower than that of vapour pentan-1-ol 
in both cases. This could be due to the partial separation of the surfaces, resulting from the 
boundary/mixed lubrication provided by the liquid and the continuous replenishment of the 
lubricant film from the liquid phase. 
 
8.5 SUMMARY AND CONCLUSIONS 
 
Wear of high sliding silicon surfaces is a critical factor in determining the reliability of MEMS 
devices. To date, studies of wear in MEMS were mainly carried out with commercial and custom 
built tribometers, where qualitative and reliability wear investigations were conducted. The 
higher fabrication and operating costs of actual MEMS devices meant that there have been few 
in situ quantitative micro-scale wear investigations.  
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In the current study using a custom built MEMS tribometer, tests have been carried out to 
measure friction and wear of 2 mm diameter silicon disc surfaces in conformal contact under a 
range of surface preparation and test condition combinations. Both friction and wear behaviour 
were found to depend strongly on the condition of the surfaces prior to testing. 
The greatest wear was observed on specimens which had been treated with oxygen plasma 
immediately prior to testing unlubricated in ambient air. SEM images showed a considerable 
amount of wear debris present in the worn specimens. The friction in these tests was beyond the 
measurable range of the test platform in the tribometer (friction coefficient > 4). Exposure of 
specimens to atmospheric air for 15 hours prior to testing in the ambient air resulted in negligible 
wear and low friction. However, exposure to water-saturated argon prior to testing in ambient air 
did not prevent wear as effectively, and exhibited friction higher than the measurable range. This 
observation demonstrates that some other species from the air, probably hydrocarbon in nature, 
attaches to the plasma cleaned silicon surface as a lubricious contaminant. To further investigate 
this, TOF-SIMS analysis was carried out and confirmed that hydrocarbon compounds do exist on 
the surfaces of specimens that had been left exposed to room air for 15 hours. The surfaces of 
specimens that were plasma cleaned immediately beforehand, however, exhibited high 
concentrations of silicon/silicon compound ions, as there the protective layer was not present.  
Tests were also carried out with the specimens submerged in a liquid. The effect of submersion 
in water differed depending on the preparation of the test surfaces. If the surfaces were plasma 
treated prior to testing, water reduced friction and wear compared to dry conditions. Conversely, 
immersion in water accelerated the wearing of specimens that had been exposed to ambient air 
prior to testing. This suggests that the hydrophilic surface after plasma treatment attracts a 
monolayer of water molecules which forms a film to protect the surface.  
When the specimens were submerged in hexadecane or n-pentan-1-ol in the liquid bath, friction 
was minimised, and wear was undetectable in both cases, despite the contact being subject to 
mixed lubrication. This is probably because hexadecane adsorbs and assembles on silicon 
surfaces well, as previously suggested in Chapter 5.  
Tests carried out with n-pentan-1-ol vapours agree reasonably well with work carried out 
previously by Asay et al. (2008a, 2008b), with no measurable wear being observed. However, 
the friction measured in the current tests was somewhat higher than the value obtained by Asay 
et al.. This difference is probably caused the differences in the test conditions between the 
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current tests and the work carried out previously. As suggested by Asay et al., it is likely that the 
n-pentan-1-ol vapour undergoes tribochemical reactions at the contact interface to form high 
molecular weight oligomers to protect the surfaces from being worn. The same mechanism may 
operate when the surfaces are submerged in liquid n-pentan-1-ol, where very low friction was 
observed.  
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Chapter 9:   General Discussion 
9  
In this chapter, a general discussion of the findings of the current work is presented. The 
experimental work and the lubrication methods for MEMS investigated are critically discussed. 
Also discussed are the practical implications of incorporating these lubrication methods in real 
MEMS applications. 
 
9.1 DISCUSSION OF EXPERIMENTAL APPROACH AND METHODS 
 
This section discusses the quality and the practicality of the experimental work carried out with 
the MEMS tribometer and the microfabrication of MEMS devices. Some possible underlying 
problems are also discussed, along with some suggested solutions. 
 
9.1.1 Experiments with the MEMS Tribometer 
9.1.1.1 Measurement of Friction 
The new MEMS tribometer was altered and updated in light of observations during initial 
experimentation. The main priority was to provide an environment where accurate and 
repeatable readings were obtainable. For example, the test platform stiffness (details in Chapter 
3) not only determines the measurable range, but also determines if the readings will be stable. A 
compromise must be reached between measurable range and the stability. Therefore, for each set 
of tests, the design/stiffness of the platform was chosen in order to obtain the best possible 
results. The test results have shown that even for platforms with different calibrated stiffnesses, 
under the same test conditions, they are able to produce hydrodynamic results that are repeatable 
(discussed in Chapter 3). One example is shown in Figure 9.1, where platforms with rotational 
stiffnesses of 0.02 Nm/rad and 0.10 Nm/rad are able to produce repeatable hydrodynamic 
friction results. 
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Figure 9.1: Friction versus speed plots for tests with specimens submerged in hexadecane, 
with 0.05 N applied load, but different platform stiffnesses. 
 
Overall, the friction measurement technique outlined in Chapter 3 was effective and reliable. As 
mentioned in Chapters 3 to 8, each test was performed three times, each time the specimens were 
unloaded and then reloaded. A good repeatability was achieved in that all three sets of results 
agreed well. For example in Figure 9.2, originally from Chapter 5, the friction coefficients from 
the three separate tests under identical conditions all appear to overlap. The test results are said 
to be repeatable and therefore valid when such agreement between tests are achieved. Only the 
friction results that have achieved this level of repeatability are satisfactory and therefore 
presented. 
 
 (rpm) 
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Figure 9.2: Three test runs with the specimens, one flat and the other patterned; the 
specimens are submerged in deionised water and the applied load is 0.05 N (originally from 
Chapter 5). 
 
9.1.1.2 Measurement of Film Thickness 
The film thickness results obtained in this study are few in number since reliable values could 
only be obtained for a relatively viscous liquid at high load (Chapter 4). This is because the 
lowest film thickness that could be measured using the laser displacement device was 2 µm.  
However, in order to investigate lubricants suitable for MEMS applications, liquids of much 
lower viscosities were used. The resulting film thicknesses were therefore too thin for film 
thickness measurements to be repeatable or reliable. Another cause of the problem could be the 
vibrations in the system severely affecting the measurements. Therefore, if further improvements 
were to be made to the test rig, a higher precision displacement measurement device should 
replace the one currently in use. This would enable a further investigation to be conducted into 
the effects of different conditions and test fluids on film thickness. 
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9.1.2 MEMS Fabrication 
The test platforms and the specimens were fabricated by micromachining techniques. The 
fabrication of the test platforms was quite straightforward, with the yield often exceeding 70 % 
on one wafer.  
The fabrication of the specimens was more complicated. Extra steps were required for the 
addition of the magnetic layer for alignment and creation of the surface pattern. To create the 
pattern, a sacrificial layer was required. This was created by thermally growing a layer of oxide 
on the silicon layer. Although this oxide was etched away towards the end of the fabrication 
process, chemical changes during the oxidation could have some effect on the underlying crystal 
structure of the wafer. Also, during the etching process, some damage could occur on the 
surfaces that were covered with photoresist, resulting in some spots appearing. These were 
miniscule, with measured depths of less than 10 nm, which was small compared to the 50 m 
depth of the pattern. They are thus believed not to affect the test results. However the extent to 
which repeatable changes in crystal structure might influence the test results is not known. One 
possible solution for crystal structure damage would be to create the pattern using a bonded 
silicon wafer with 50 µm of device layer. That way, there would be no need for thermal 
oxidation and hence no damage should be caused to the underlying structure. Currently, a 300 
µm device layer was used to create the alignment features (both upper and lower specimens) and 
the thicker handle layer was used to create the pattern. Such precision may not be necessary, as 
the alignment features are only required to have a depth of larger than 300 µm but less than 500 
µm. That is to fit onto the self alignment mechanism on the shaft and the specimen holder on the 
test platform. 
For both the test platforms and specimens, following the release and oxide etch, the resulting 
devices were plasma cleaned to ensure that organic species such as photoresist and other 
processing chemicals are removed from the surfaces. 
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9.2 LUBRICATION OF MEMS 
 
The nature of the work carried out is of fundamental tribology. The work focuses on self-
replenishing lubrication mechanisms for MEMS surfaces. These findings on the fundamental 
level serve as a precursor to the work on implementation in real MEMS devices. This is further 
discussed in the next section and Chapter 10. 
 
9.2.1 Neat Liquids of Different Viscosities 
As expected, friction in the hydrodynamic region was found to increase with viscosity. Boundary 
friction of neat liquids did not appear to follow a strong trend, though higher viscosity liquids 
tended to have lower boundary friction, possibly due to their weakly bound monolayers on the 
silicon substrate providing greater separation due to their higher molecular mass.  
The hydrodynamic film thickness and friction coefficient results were verified by a mathematical 
model based on Reynolds equation as reported in Chapter 5. The simulations were initially based 
on a preliminary test setting, with a flat surface rotating against a patterned surface, fully 
submerged in squalane with an applied load of 0.2 N. This was chosen as the other tests with a 
lower applied load resulted in low film thicknesses, which were not measurable with the laser 
displacement measurement device. Conditions of the simulation had been modified to the 
conditions of standard testing (0.05 N normal load), and only comparing the friction coefficient 
results. The experimental and theoretical results and trends were found to agree reasonably well 
given the assumptions of the model. 
 
9.2.2 Liquids with Added Chemical Species 
Additional chemical species were added to neat liquids of low viscosity with the aim of reducing 
boundary friction. Friction modifier additives and ferromagnetic fluids were studied. 
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Friction modifier additives physisorb or chemisorb onto the sliding surfaces when the carrier 
liquid is entrained into the contact to form boundary lubricating films (Stachowiak and 
Batchelor, 2005c). This leads to the formation of a protective layer which separates the surfaces, 
even at low viscosity. This layer is continuously replenished as liquid is entrained into the 
contact. From the results in Chapter 6, organic liquids containing amine additives were shown to 
significantly reduce boundary friction. The validity of these results was confirmed by comparing 
the friction versus speed measurements of neat liquids and the same liquids with the friction 
modifier. The two sets of results were found to coincide at high speeds when a hydrodynamic 
film was present, as described in Chapter 6. However, with amine friction modifiers, water was 
found not to be a suitable carrier liquid since friction was found to increase each successive time 
a test was run. This is probably because the water caused corrosion on the silicon surface, by 
weakening the bonds that hold the lattice structure. The corrosion was believed to have caused 
the surface roughness to increase gradually, hence increasing the friction (Graf et al., 1989). 
Ferromagnetic fluids contain colloidally-suspended magnetic particles (Saynatjoki and 
Holmberg, 1993). Tests were conducted with and without the presence of an external magnetic 
field. To include the magnetic field, modifications to the tribometer were made, these are 
outlined in Chapter 7. Without a magnetic field, ferromagnetic fluids were found to behave in a 
similar manner to a neat liquid of similar viscosity. For example, in the absence of an external 
magnetic field, high boundary friction was observed in both of these liquids and the values were 
similar. With the addition of an external magnetic field, the ferromagnetic fluid behaved 
differently. In a speed test where the speed was first increased, then decreased incrementally 
before stopping, the boundary friction was found to have decreased significantly at low speeds 
on the decreasing speed path. It is believed that, as the ferromagnetic fluid was entrained into the 
contact, the interaction between the magnetic field magnetic particles caused most of the fluid to 
remain in the contact. Following a high entrainment speed, even when the speed was reduced to 
a low value, the liquid and particles remained in the contact to separate the surfaces, which 
resulted in decreased boundary friction.  
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9.2.3 Wear Prevention 
Wear is an important factor in the reliability in operation of MEMS devices. Therefore, in 
addition to friction reduction, the wear of sliding silicon surfaces under various lubrication 
methods has been studied.  
Of particular interest was the strong impact of silicon MEMS surface treatment on wear. As 
reported in Chapter 8, in the absence of any deliberate lubrication system, surfaces which were 
cleaned in plasma and then exposed to ambient air for some hours exhibited low friction and 
negligible wear, while the surfaces that had been plasma cleaned immediately before testing 
exhibited high friction and wear. It is believed that airborne organic contaminants and water 
vapour from the ambient air attach themselves to the silicon surface, providing a lubrication film. 
The key contaminant appears to be organic since plasma cleaned silicon which was exposed only 
to water vapour showed high wear. This is confirmed by a TOF-SIMS surface analysis study 
which compared the silicon surfaces that had been exposed to ambient air and surfaces that had 
been cleaned in oxygen plasma immediately before the analysis. On the surfaces that had been 
exposed to air, there were more high molecular weight organic species than on the surfaces that 
were plasma cleaned just prior to analysis. These results mean that the plasma had indeed 
removed most of the organic species. 
 
9.2.4 Vapour Phase Lubrication 
A short investigation of vapour phase lubrication was conducted. With the test rig set up and 
modifications outlined in Chapters 3 and 8, n-pentan-1-ol saturated argon was pumped into the 
chamber housing the contact. Zero measurable wear was observed for the sliding surfaces. This 
is in good agreement with earlier results obtained by Asay et al (2008a). The friction however, 
was larger than found by Asay et al. probably due to the differences in the test set ups. In terms 
of wear prevention and friction reducing properties, alcohol delivered via the vapour phase 
appears to be an excellent lubrication regime for MEMS, but this method has yet to be 
incorporated in any real MEMS devices. 
To investigate n-pentan-1-ol further, its abilities in the liquid phase was also studied. With the 
sliding contact fully submerged in n-pentan-1-ol, there was no measurable wear and the friction 
was about four times lower than using a vapour phase supply. These results have confirmed n-
Lubrication of High Sliding Silicon Micromachines 
I. S. Y. Ku Chapter 9: General Discussion 
 
275 
 
pentan-1-ol as a good anti-wear lubricant, whether delivered in the vapour or liquid phase. 
However, for friction reduction, it may be best delivered in the liquid phase, as entrainment into 
the contact should be more effective than diffusion under severe conditions. 
 
9.3 FEASIBILITY OF LIQUID LUBRICATION FOR MEMS 
 
9.3.1 Contact Geometry 
From the findings related to liquid lubrication presented in Chapters 4 and 5. The contact 
geometry was found to be of importance in fully submerged liquid lubrication, with one or both 
of the surfaces providing a converging geometry in order to provide adequate load support. In 
applications where neither of the contacting surfaces provides a converging geometry, the 
surface topography must be altered in order for liquid lubrication to function. One simple method 
to achieve this is to create patterns on the surface. In MEMS, patterning can be relatively easily 
incorporated in the fabrication process, which involves transferring the pattern onto the surface 
by lithography, followed by DRIE up to a desired depth. 
 
9.3.2 Containing the Liquid to Provide Constant Replenishment 
For effective liquid lubrication, the liquid must surround the contact and be contained. A thin 
film of liquid applied on the surfaces was found not to be sufficient for film replenishment and 
needed regular re-application. So far, to the author’s knowledge, there is only one example in 
which a system is employed to provide fully submerged liquid lubrication for MEMS. Deng et 
al. (1994) described ―a vacuum desiccator with a magnetic feedthrough was used to immerse the 
micromotor die (section with both rotor and stator) in oil‖. Such systems are useful in 
applications such as micromotors and microbearings, where it is possible for the entire die to be 
submerged without causing disturbances to the circuitry. For devices where the electronics are 
more ―exposed‖, such as a DMD pixel, an alternative system must be used. One possibility is to 
create a ―container‖ to hold the liquid. The difficulty is that the ―container‖ can cause problems 
with the fabrication, as it must surround the contact, not impeding motion, not leaking and 
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sealed. To avoid having to incorporate a container, two solutions can be envisaged. One would 
be to isolate the contact from the other crucial components. A barrier coating can be applied on 
the surfaces surrounding the sliding surfaces. Such coatings are designed to be non-wetted by the 
liquid to be contained, so that the liquid cannot creep across them and damage the circuitry and 
other crucial components. For hydrocarbons and water, fluorinated coatings may be used. Barrier 
coatings were not investigated in the current study. Alternatively, extra components can be 
fabricated to link up the sliding surfaces to the control circuitry so that the two groups can be 
sufficiently separated. 
The second approach is to use ferromagnetic fluids. In Chapter 7, the tribological properties of 
ferromagnetic fluids were investigated. When suitable magnetic fields were incorporated, the 
fluids were found to remain in the contact following entrainment. As a result, once sufficient 
fluid had been entrained into the contact, and the sliding speed was lowered down to a value 
characteristic of mixed/ boundary lubrication, the boundary friction remained low. Therefore, 
only a small, localised amount of liquid was required i. e. a ―self contained‖ drop, with no need 
for continuous supply. Currently, there have been very few examples where devices have been 
lubricated by these fluids, as the costs are considerably higher than conventional lubricants 
(Saynatjoki and Holmberg, 1993). 
When designing a device to be lubricated by ferromagnetic fluids, the need for an external 
magnetic field must be considered. One possibility is to coat the surfaces that need to be 
lubricated or the surrounding surfaces with a magnetic layer. This can be done by selective 
nickel electroplating after sputter-coating a copper layer. However, the magnetic fields in the 
liquid and the MEMS surfaces are known to cause interference to some electronics, which are 
abundant in many MEMS devices. This factor must be taken into account when designing 
electronics and circuitry, i. e. placing the sliding surfaces further away from the circuitry. 
 
9.3.3 Liquid Drag 
So far in this work, it has been established that low viscosity liquids can achieve reasonably low 
friction at high sliding speeds. However much of the MEMS community assumes that liquid 
would create too much drag and thus tends to dismiss the possibility of using liquid lubrication 
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as a means to lubricate MEMS (Mehregany and Dhuler, 1992). The assessments described in 
Chapter 5 and Ku et al. (2011a) had found drag to be insignificant. 
The insignificance of drag can also be shown with simple calculations .When the shaft is a 
cylinder rotating in a liquid in a bath of squalane, the drag is calculated as follows, with the 
parameters illustrated in Figure 9.3: 
i. Approximate the shear stress, assuming the velocity profile between the circumference of 
the shaft and the wall of the bath is linear with the following equation, with η = 
0.028 Pas, dU/dr = 1815.15 s
-1
 (evaluated according to the parameters in Figure 9.3). 
 dr
dU
   (9.1) 
ii. Evaluate the torque with the following equation 
  dRT
22  (9.2) 
The resulting torque is in the order of 0.8 µNm, which is much smaller than the values normally 
obtained in the test rig (usually at least 10 µNm at the lowest speed in the hydrodynamic region 
for squalane. 
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Figure 9.3: Approximation of drag force. 
 
Using the same speed and geometry of the rotating shaft, the free surface drag force can be 
evaluated as follows: 
i. Assume the shaft is rotating in a very large cylinder filled with liquid, so that the cylinder 
has little effect on the drag. In this case, the cylinder is assumed to have an outer radius 
of 100 m. 
ii. Evaluate the shear stress with Equation 9.1, this time dU/dr is equal to 0.027 s-1, 
assuming that the outer radius is 100 m. 
iii. Using equation 2, the torque is evaluated to be 0.012 pNm, which can be considered 
negligible. 
Alternatively, the cylinder can be assumed to rotate in a fluid flowing very slowly over it. From 
Fox et al. (2006), the drag coefficient CD for such condition is 3. For a sufficiently slow flow, the 
velocity, V is assumed to be 0.45 m/s. The density, ρ for squalane is 810 kg/m3 (Sigma-Aldrich, 
2009). The drag force, FD is calculated as (Fox et al., 2006): 
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2
2
1
VACF DD   (9.3) 
here A is the reference area, in this case the diameter, 2R multiplied by d, the length of the shaft 
submerged in liquid, and the torque is: 
DRFT   (9.4) 
where R is the radius as illustrated in Figure 9.3. 
The torque evaluated using this method is 1.25 µNm, which is still significantly (10 times) 
smaller than the minimum torque measured for squalane. 
 
9.3.4 Fabrication Issues Associated with Liquid Lubrication 
As discussed earlier in this section, the following may be required in order for fully submerged 
liquid lubrication to function: a means to contain the fluid in and around the contact, or complete 
separation of the surfaces from the circuitry. The latter may be easier to implement as it required 
only the fabrication of more components such as linkages or the application of barrier coatings 
around the sliding surfaces. There are many complications associated with the former. Leaks are 
not desirable both for the sliding surfaces and the circuitry. The container must also not impede 
the sliding motion. All these factors made it difficult to fabricate a MEMS-scaled container for 
the fluid. As discussed earlier, no container was needed if using fluids such as ferromagnetic 
fluids, as only the sliding surfaces or surroundings are required to be metallised.  
Alternatively, a feed/drain system suitable for all liquids can be installed. That is to ensure that 
sufficient fluid is entrained into the contact. In some cases, simply immersing the device in a 
liquid was not sufficient to penetrate the microscopic cavities within the device. (Deng et al., 
1994). External lubricant supply systems are commonly used in macro scaled devices using ports 
surrounding the sliding surfaces. The system itself can be manufactured as a separate entity from 
the device itself. An advantage of this system is that fluid is continuously entrained into the 
contact, and most of the excess is drained away, which reduces the risk of leaking into other 
parts of the circuitry. A drawback to such system is the requirement of a pressure difference 
between the feed and drain ports, which can be expensive to implement. 
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9.4 SUMMARY 
 
The newly developed tribometer was able to measure friction in the microscale, but was only 
able to measure relatively thick film thicknesses. The measuring abilities of the tribometer and 
the quality of the MEMS fabrication which made the test platforms and the test specimens are 
discussed in detail. The friction measurement method was reliable and gave justifiable test 
results. 
The results reported in earlier chapters have been briefly discussed here. This leads on to the 
practical aspects of implementing the lubrication methods investigated in the study. A separate 
study was conducted to investigate the impact of drag on torque. The results showed that the 
torque generated by liquid drag was negligible compared to the torque caused by friction.  
To incorporate liquid lubrication in real MEMS applications, the most important aspect is a 
means to hold the liquid in place. Some possibilities include incorporating a container, using 
barrier coatings or ferromagnetic fluids to hold the lubricant in place, a feed/drain system and 
using a fully submerged MEMS device but separating the sliding surfaces from the circuitry.  
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Chapter 10:   Conclusions and Future Work 
10  
This chapter concludes the thesis by summarising the main achievements of the research 
undertaken, focusing on the lubrication methods of high sliding MEMS devices. Some 
suggestions for possible related future work are also discussed. 
 
10.1 CONCLUSIONS  
 
10.1.1 Achievements of the Main Objectives 
This research project set out to achieve the following tasks. 
i. To develop a high-speed, MEMS-based tribometer to investigate lubricant effectiveness 
in MEMS conditions. 
ii. To explore the possibility of lubricating MEMS mechanisms by partial and full 
immersion in low viscosity liquids, both to provide hydrodynamic lubrication and as a 
delivery system for boundary lubricant additives. 
iii. To develop a vapour phase replenishment method for adsorbed monolayer boundary 
films for MEMS. 
iv. To investigate the wear behaviour of high sliding MEMS surfaces under various 
conditions.  
As shown in the thesis, all of the objectives were achieved. The high speed, MEMS based 
tribometer and the the vapour phase lubrication system are described in Chapter 3. Chapters 4 to 
7 report the details of the tests conducted and results for using liquid to provide hydrodynamic 
lubrication to sliding MEMS surfaces by partial and full immersion in liquids; and as a carrier of 
boundary lubricant additives. Chapter 8 describes the study of wear in high sliding MEMS and 
the results.  
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10.1.2 In High Sliding MEMS 
The focus of this work is to investigate self-replenishing lubrication methods suitable for MEMS 
conditions. It has been found that these methods can achieve friction reduction and wear 
prevention for MEMS. 
In order to conduct the investigations, a MEMS based tribometer has been developed and 
employed to measure friction between a MEMS silicon disc rotating against a stationary silicon 
disc.  
The tests revealed that low viscosity liquids can provide low hydrodynamic friction, and the 
effect of drag is negligible. However, the boundary friction in neat low viscosity liquids could be 
high, and adding surfactant friction modifiers (FMs) greatly improves boundary friction. 
Ferromagnetic fluids, in the presence of an external magnetic field have also been found to 
reduce boundary friction. The magnetic particles in the fluid, unlike the friction modifiers which 
physisorb onto the surface, act as a carrier of the lubricant, which aid the fluid to remain in 
position in the presence of an external magnetic field.  
The trends observed from the friction results for liquid lubrication are in accordance with 
hydrodynamic theory: the higher the viscosity, the higher the hydrodynamic friction; and the 
higher the applied load, the lower the coefficient of friction. Furthermore, the friction and film 
thickness results show satisfactory agreement with the results obtained by a mathematical model 
based on Reynolds Equation, where the fluid is assumed to be Newtonian. That explains the 
discrepancies between the two sets of results. At high speeds, the liquid lubricant can exhibit 
non-Newtonian behaviour as the viscosity decrease due to heating. In some cases, as seen in the 
results with squalane, film thickness does not increase with speed once a ―saturating point‖ is 
reached. This suggests some form of starvation, where the behaviour is no longer Newtonian. 
Some liquids, i. e. silicone oil exhibit thoxotropic behaviour, where the viscosity decreases with 
sliding speed (shear thin), regardless of temperature changes.  
The results for liquids with friction modifiers are compared with those of the neat liquids. As 
expected, the boundary friction is reduced in the presence of the friction modifiers. To confirm 
the validity of the results, the friction results in the hydrodynamic speed range from the two sets 
of liquids are compared. They are found to agree, which is expected as the two surfaces are 
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completely separated in this speed range and friction modifiers should not affect the friction 
behaviour.  
Ferromagnetic fluids, in the presence of a magnetic field, were found to greatly decrease 
boundary friction once the magnetic particles have entrained into the contact. The friction results 
obtained in the hydrodynamic speed range are compared with the results from a neat liquid of 
similar viscosity. The two sets agree as a liquid film fully separates the surfaces in the 
hydrodynamic regime, and any species that do not change the liquid viscosity should not play 
any part. 
The wear of high sliding silicon surfaces is not only dependent on the lubricating conditions. 
Surface preparations and their combinations with lubricating conditions also affect the 
behaviour. For dry conditions, surfaces that have been cleaned and left exposed to ambient air 
show the best wear resistance and friction reduction. It is believed that the organic airborne 
contaminants physisorb onto the silicon surfaces and form a protective film. The presence of the 
organic material is confirmed by TOF-SIMS surface analysis. Meanwhile, if the surfaces are 
fully submerged in water, the ones that were plasma cleaned immediately before showed the best 
wear resistance, probably due to the hydrophilic nature of the freshly cleaned surface attracting 
water molecules to form a film. Hydrocarbon liquids provide excellent wear prevention and low 
friction.  
In general, replenishing lubrication in MEMS is proven possible in the experimental settings, but 
further investigations are required to discover how these can be adapted for real MEMS devices. 
Some suggestions are outlined in the Section 10.2. 
 
10.1.3 Contribution to Knowledge 
The main finding of this work is that ferromagnetic fluids can potentially be excellent lubricating 
fluids for real high sliding MEMS devices. In the experiments, with the additional magnetic 
field, the ferromagnetic fluid was observed to remain in the contact. This means that there is no 
need for a feed/drain system for the lubricating fluid and only a small quantity is required. Its 
ability to remain in the contact is also beneficial to MEMS design, where space is very limited. 
Adding a magnetic field in MEMS fabrication is a straightforward process which includes 
sputtering the substrate with metal, and then electroplate with Nickel. 
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Another important finding is that sufficiently low friction has been achieved with using low 
viscosity liquids as a MEMS lubricant. Any drag that was measured was found to be 
insignificant. The low viscosity liquids are also exhibited excellent anti-wear characteristics in 
tests with prolonged sliding. 
 
10.2 FUTURE WORK  
 
10.2.1 Different Step Heights for the Specimens 
The patterning on lower specimen used in this study is similar to that of a thrust bearing with 
Rayleigh Steps. The load support of such bearing geometry is dependent on the ratio of the 
maximum to minimum film thickness. Cameron (1971b) found that the optimum such ratio for 
an infinitely long step is 1.87. Currently the step height is 50 µm, chosen for the ease of 
fabrication. From the film thickness results reported in Chapter 4, the maximum to minimum 
film thickness ratio would have been around 5-10, which is much larger than the optimum value 
proposed by Cameron. For the patterning used in the current study to give optimum load support, 
a ratio closer to that proposed by Cameron is needed. This could be explored by running tests 
using lower specimens with different step heights, with the aim of finding the optimum ratio for 
load support. 
 
10.2.2 Combining SAMs-like Coatings with Liquid 
SAMs have been used extensively in MEMS because of their low costs and straight forward 
coating process. However, they are often found to be fragile and fail after a short time in sliding 
(Maboudian and Carraro, 2004). This suggests that some form of replenishment is required in 
order for them to withstand long periods of sliding. One possibility is to run tests with surfaces 
coated with SAMs-like coatings fully submerged in liquids. The study aims to determine if the 
liquid interacts with the coating to replenish the lubricating film.  
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10.2.3 Other Organic Friction Modifiers 
The range of organic friction modifiers studied in this work has been quite limited. There are 
many other types of friction modifier such as amides and alcohols that might be effective in 
lubricating low speed sliding MEMS and these should be studied in further work. 
 
10.2.4 Further Work with Vapour Phase Set-up 
Although vapour phase lubrication in MEMS has already been achieved and proved effective by 
others (Strawhecker et al. 2005; Asay et al, 2008a and Asay et al., 2008b, etc.), a vapour supply 
system and a test chamber suitable for the tribometer were still developed in the current study in 
order to compare it with liquid lubrication. Currently, not many alcohols have been adapted for 
use in vapour phase MEMS lubrication. With the vapour phase system in place, it is possible to 
investigate the suitability of other alcohols for vapour phase MEMs lubrication. 
The vapour phase system currently in use is very basic, and can be much improved. The most 
important improvements would be to incorporate a means to measure and adjust partial pressure 
in the chamber and to avoid leaks from the test chamber. Such work would be needed before 
vapour phase can be incorporated in real MEMS devices.  
 
10.2.5 Holding the Liquid in Place 
In order to facilitate liquid lubrication in real MEMS devices, some means of holding the liquid 
in place are required. As mentioned in Chapter 9, in real MEMS applications, the ―container‖ 
must not interfere with the running of the device. From the current investigation, ferromagnetic 
liquids were found to remain in place with the addition of an external magnetic field, and no 
―container‖ was required. It should be noted that ferromagnetic liquids are expensive and not 
always suitable for some applications. Therefore, there is a need to develop other suitable means 
to contain the liquid for real MEMS applications. 
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Appendix A 
13  
Evaluating the Coefficient of Friction for Cases where the Lower Pad is 
Patterned, but not Lubricated by a Liquid 
 
The following derivation is for evaluating the coefficient of friction from the torque in cases 
where the lower pad is patterned, and the contact is not lubricated with a liquid film and is 
assumed to have constant friction at the contacting interface. 
As an example, a typical pad used in the tests is presented. Firstly, using symmetry, one quarter 
of the pad need be considered (marked in red square bracket in Figure A1). This quarter is 
further divided into two parts, A1 and A2. The dimensions and geometry of the pad are 
described in Figure A1. 
 
 
 
45° 
45° 
2 mm 
0.1 mm 
Recessed by 50μm 
Original surface 
R
Rt
Rn
0.1 
Rs
 
 
45° 
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A1
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Figure A1: Dimensions and geometry of the pad, illustrating the areas A1 and A2. 
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The values represented by the different R’s in Figure A1 are: 
R = 1000 × 10
-6
 m 
RN = 950 × 10
-6
 m = 0.95R 
RS = 450 × 10
-6
 m = 0.45 R 
Rt = 850 × 10
-6
 m = 0.85 R 
 
The areas, A1 and A2 are expressed in terms of R as follows: 
  2221
80
7
8
RRRA SN

  (A1) 
  2222
400
9
8
RRRA tN

  (A2) 
 
The load, W, and pressure, p are related as follows: 
2
21 11
25
)(4 R
W
AA
W
p



  (A3) 
25
11 2 pR
W

  (A4) 
 
For the case of one pad rotating above a pad sitting on a test platform, the torques exerted on the 
platform by different areas of the pad are as follows: 
drrpT
N
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R
R
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2
1
4


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And the total torque is: 
RWpRTTT AA 

880
673
2000
673
)(4 321   (A9) 
 
Therefore, the friction coefficient is: 
RW
T
673
880
  (A10) 
Lubrication of High Sliding Silicon Micromachines 
I. S. Y. Ku Appendix B 
 
309 
 
Appendix B 
14  
LabVIEW Program for Control, Data Acquisition and Data Processing 
 
The main block diagrams of the user program first described in Chapter 3, are shown in Figure 
A2 (control and data acquisition) and Figure A3 (data processing) on the next pages. The 
important sections of the diagrams are outlined with rectangular blocks in different colours. Each 
colour represents a function. Table A1 shows what the colours represent. Each function listed is 
described in more details in the subsequent paragraphs. 
 
Table A1: Colours of the rectangular boxes and what they represent. 
Number Block Colour Function 
i. 
 
Configuration of acquisition channels on 
USB 
ii. 
 
Acquisition of data from all sources 
iii. 
 
Plots out real time graphs of averaged data 
iv. 
 
Motor speed control 
v. 
 
Calculating  the speed of the hi speed 
motor/stopping the automated tests-criteria 
(both hi speed and lo speed) 
vi. 
 
Data Processing 
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Figure A2: Block diagram of LabVIEW program described in Chapter 3 (control and data 
acquisition view). 
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Figure A3: Block diagram of LabVIEW program described in Chapter 3 (data processing 
view). 
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i) Configuration of acquisition channels on USB (main view in Figure A2). 
This part of the VI configures the data channels to be read into the USB device. Labels were 
added to clarify which instrument the particular channel is connected to. In this case, each 
channel reads in an output voltage from an instrument. On the USB device, it is defined as 
Analogue Input Voltage (AI Voltage). 
 
Configures channels for 
acquisition device-
analogue voltage 
channels
Configures channel for 
acquisition device-
digital pulse counting 
channel
 
Figure A4: Configuration of acquisition channels. 
 
ii) Acquisition of data from all sources (main view in Figure A2). 
This is divided up into two parts: for averaged data acquisition and raw data acquisition. 
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Defines which 
motor is in use
Sum up raw data 
during acquisition 
period
Averages raw data 
acquired during the 
period and writes 
to spreadsheet
Arranges and writes 
averaged data to a 
spreadsheet file
Reads and saves raw 
data
Arranges the data into 
columns, each column 
represent data from 
one instrument
Reads in desired acquisition 
period and shows progress.
Resets progress back to zero 
after each acquisition period.
 
Figure A5: Acqusition of data from all sources. 
 
iii) Plots out real time graphs of averaged data (main view in Figure A2) 
This plots out the averaged piezo/Keyence reading over each acquisition period during the 
testing 
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Reads information 
from data file and 
rearranges columns
Displays averaged data 
on the user interface, 
with the following 
headings
Plots out averaged piezo
reading vs. either speed 
(RPM) or the manually 
inserted value on the 
user interface
Plots out averaged 
Keyence reading vs.
either speed (RPM) or 
the manually inserted 
value on the user 
interface
Selects data for 
plotting graphs
User to select 
whether to plot 
against speed (RPM) 
or manually inserted 
value
 
Figure A6: Plots out real time graphs of averaged data. 
 
iv) Motor speed control (main view in Figure A2)  
This part ―controls‖ the speed of either motor. The user-defined initial voltage (high speed 
motor) or rotation speed (low speed) is read in. If the automated test mode is activated, 
depending on which motor is in use, the shift registers allow the current speeds to be read in and 
averaged. 
This also includes the driver software for the low speed motor, which will be disabled if the high 
speed motor was selected for use. 
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Configuration 
information  inputted 
to the driver sub VIs
Activates control 
system if Lo Speed is 
selected by user
Auto- reads in updated 
speed
No Auto-reads in speed 
inputted by user(profile 
Velocity) 
Gathers input speed, 
acceleration and 
deceleration and 
input into motor 
driver
Enables low speed 
motor
 
Figure A7: Motor speed control. 
 
Below is an enlarged picture of the part where the increments of either speed or voltage are 
added and updated. 
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Increment system 
activated when auto is 
selected. Increment to be 
decided by user
When hi speed is 
selected
When lo speed is 
selected, can 
also have % 
increment
Shift registers 
allow updating of 
voltage and 
speed as the 
increments are 
added
 
Figure A8: Incrementally increasing motor speed. 
 
v) Calculating the speed of the hi speed motor/stopping the automated tests-criteria (both 
high speed and low speed) (main view in Figure A2). 
This part calculates the speed of the high speed motor by obtaining the frequency of the pulses 
from the motor, then multiplying by a factor of 20. 
For both high and low speed motors, this part also compares the current speed with the range set 
by the user when the automated test mode is activated. If the speed is found to be out of range, 
the motor setting will return to its initial state (either rest or minimum possible speed). 
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Clocks-time before and 
after once round the loop 
(in ms
Reads in pulses 
from counter
Calculates pulse 
frequency, then 
multiply by 20 
(factor) to obtain 
speed in RPM
Hi speed auto - compares 
the current speed with the 
maximum speed (no 
minimum defined) defined 
by user. 
Lo speed auto - compares 
the current speed with the 
minimum and maximum 
speeds defined by user. 
Displays shaft 
speed-of either lo 
speed or hi speed 
motor-user 
selection
Resets motor when  
current speed is out of 
bounds
 
Figure A9: Calculating the speed of the high speed motor/stopping the automated tests-
criteria. 
 
vi) Data Processing (main view in Figure A3, not visible on block diagram when acquisition 
is on, only when activated is this visible). 
The process data program calculates the coefficient of friction from the averaged data obtained 
during the test. 
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File path of the data file 
to be processed
Activates process data 
program
Removes NaN rows 
(data errors)
Writes processed data 
to file
Add 
labels
Add inputs from the 
user interface 
defining the platform
Adds xls to create a new 
file containing the 
processed data
 
Figure A10: Data processing. 
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Appendix C 
15  
Finite Difference Solution of the Flat Disc On Patterned Disc Lubricated 
Contact 
Nomenclature-any symbols with i, j as subscript are local values of the variable 
 
r, z, θ polar co-ordinates 
 
FF friction force 
 
h film thickness 
 
h0 film thickness between the raised pad and the flat pad, as 
calculated by the finite difference method 
 
p  pressure 
 
P value obtained after applying Simpsons rule to the pressure 
field in the r-direction  
 
w1, w2 velocity in the z-direction of the two surfaces (zero for both as 
squeeze is ignored) 
 
ω, ω1, ω2 angular velocity (general), angular velocity of the two surfaces 
 
η viscosity 
 
Δr, Δθ increment in the r-direction and z-direction respectively 
 
W, Wtotal applied normal load, total load on the platform 
 
A, B, C, D, E terms defining the Reynolds equation in the form for finite 
difference model 
 
CNi, j, CSi, j, CEi, j, CWi, j, G, U terms defining local value of pressure 
 
K1, K2 integration constants 
 
τ shear stress 
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T value obtained after applying Simpsons rule to shear stress 
field in the r-direction 
 
preLoad initial load applied 
 
resid weighed absolute residual 
 
M number of points in the θ-direction (i) 
 
N number of points in the r-direction (j) 
 
 
Introduction 
A theoretical model was developed in order to verify the results obtained for the fully submerged 
hydrodynamic tests, described in Chapter 5, using a flat-on-patterened disc configuration. In 
hydrodynamic lubrication, the behaviour of the lubricant is usually described by Reynolds 
equation. For the case of the experimental set up, the Reynolds equation in polar co-ordinates is 
employed, with the assumption that no translation of the pads occur. The finite difference 
solution of Reynolds equation in polar coordinates was derived and solved using Matlab. This 
was carried out with the help of Dr Thomas Reddyhoff of the Tribology Group, Imperial 
College. The assumptions and boundary conditions are outlined in Chapter 5. 
 
Reynolds Equation 
In polar coordinates, Reynolds equation with rotation, but no translation is given by (Cameron, 
1966): 
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Assuming no squeeze film effect, the equation reduces to: 
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Finite Difference Method 
The most common way to solve the 2D Reynold’s equation is using the 2-D finite difference 
method. A grid of points is placed over a domain where a variable, in this case pressure varies. 
The allocation of grid points in polar co-ordinates is illustrated in Figure A11. 
 
∆θ ∆θ
∆r
∆r
j-1
j
j+1
i-1 i i+1
pi,j
pi,j+1
pi,j-1
pi+1,jpi-1,j
r
θ  
Figure A11: Allocation of grid points. 
 
The value of p varies from grid point to grid point. The first and second partial derivatives of 
each point (i, j) can be approximated in terms of the values of p at neighbouring points by the 
following central difference expressions: 
 
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Theses expressions can be substituted into Reynolds equation to obtain a partial differential 
equation of the form: 
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 (A17) 
Combining the above expressions for the partial differentials and the differential equation, an 
expression for pi,j in terms of neighbouring points can be obtained. This expression is the 
computing finite difference equation for p: 
jijijijijijijijijiji GpCWpCEpCSpCNp ,,1,,1,1,,1,,,    (A18) 
where CN stands for coefficient north, etc, as shown on the layout of Figure A11. The 
coefficients are given by: 
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And U is given by: 
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Back to the Reynolds equation, assuming no squeeze effects; 
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Differentiating by parts and multiplying through by η/h3 yields: 
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This results is a second order differential equation in the same form as Equation 17, where 
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Setting Up the Code 
In order to set up the code/program, the bearing geometry was divided into four equal sections 
each containing a step, as shown schematically in Figure A12 (here the dimensions are the same 
as the SEM image shown in an earlier chapter). 
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Raised pad 
Recessed land 
O B 
C 
 
Figure A12: Domain of the bearing modelled. 
 
The descriptions of the pad geometry, rotational speed, viscosity of the fluid, number of nodes in 
each direction and the domain size are entered as input parameters. 
In the system of the test rig, the test specimen rests on a platform supported by several beams. 
By carrying out suitable calibrations in the vertical direction, the vertical stiffness, k can be 
determined, and a normal load,W can be applied by applying a known vertical displacement, δ. 
kW   (A32) 
When liquid gets entrained into the contact the film thickness, h0 increases and this forces the 
platform to deflect vertically further than it was deflected in the static conditions. This in turn 
increases the external load on the contact. A schematic of the system is illustrated in Figure A13. 
 
 
Figure A13: Illustration of the system. 
k 
r 
h0 
Raised pad 
Recessed land 
hstep 
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Therefore, during the experiment, the total load supported by the platform is given by: 
)( 0  hkWtotal  (A33) 
The code enters Subprogram 1, which reads in all the input data, such as geometry, viscosity, 
speed, etc. An initial value of h0 is inputted into the code, to give a starting value to Wtotal. The 
code then enters Subprogram 2, which determines the coefficients, as laid out in Equations 27-31 
above. Subprogram 3 evaluates the pressure distribution by solving the finite difference equation 
iteratively to convergence. Subprogram 4 calculates the total load support from the 
hydrodynamic pressure distribution. Then, Subprogram 5 compares this load support with Wtotal 
evaluated with the initial value of h0. The value of h0 is then altered and the whole process 
(Subprograms 3 – 5) is repeated until the following condition is satisfied: 

Area
drdhrphk  )(2)( 00  (A34) 
When the total hydrodynamic load balances the total load resulting from the vertical 
displacement of the platform, Subprogram 5 will then run another mini sub program 
(Subprogram 6) which utilises the pressure distribution to evaluate the frictional force and then 
the coefficient of friction.  
Finally, Subprogram 7 outputs the pressure distribution within the domain, as shown in Figure 
A13. 
 
Details of the Subprograms 
Subprogram 1: Reading in Input Parameters (inputsub): 
This reads in the input parameters, such as number of points in the domain, speeds, applied load, 
viscosity, etc. 
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 ―inputsub‖ in Matlab 
nt = 100; %Number of points in theta direction 
nr = 100; %Number of points in radial direction 
omega = 1050; %Angular velocity, (rads s-1) 
etao = 0.03;    %(viscosity Pas)(original value)(squalane) 
%etao = 0.003032;    %(viscosity Pas)(hexadecane) 
%etao = 0.000885; % (viscosity Pas) (silicone oil/water) 
%etao = 0.0157; % (viscosity Pas) (squalane/hex blend) 
rad0 = 0.000005; %inner radius (m) 
rad1 = 0.00095; %outer radius (m) 
%rad2 = 0.0005; %outer radius (m)-original value 
rad2 = 0.00045; %outer radius (m)check main 1 
%rim = 0.00005;  %width of rim (m)-original value 
rim = 0.00010;  %width of rim (m)%doubles the original, changed on 23-09-
2010 no good, check main1 
thetachan = 2*pi/8;    %angle of channel (rads) 
thetaland = 2*pi/8;    %angle of land (rads) 
stept = 50e-6;    %step height(m) 
h0 = 7.4375e-006;   %thickness (m)to start iteration (original value) 
%h0 = 7.4375e-006;   %thickness (m) 
%h0 = 6e-006; % check theory 
%h0 = 7.46156250000000e-06; 
%h0 = 8e-6; 
roughness = 0.00000001;   %roughness of the silicon surfaces (m) 
  
%h0 = 2.6250e-006 
  
relax=0.9; %relaxation factor in iteration for p(i,j) (overrelaxation) 
nitermax = 100000;   %maximum number of allowed iterations 
conv = 0.00001;     %convergence criterion in iteration for p(,) 
  
nLoadIterMax=100;   %maximum number of load itterations 
%preLoad=0.19/4;     %Initiall loading of platform (original value) 
preLoad=0.05/4;     %Initiall loading of platform 
%ks=26442/4;         %normal stiffness of platform(original value) 
ks=28700/4;         %normal stiffness of platform (hexadecane) 
%ks=20000/4 
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Subprogram 2: Calculation of Coefficients (calccoeffssub2): 
i. Define pad geometry: for a step pad: h = h0 for 0 < θ ≤ θstep and h = h0 + hstep for θstep < θ 
≤θtotal. 
ii. For a pad with no ―rim‖ around the outer edge, ∂h/∂r=0. 
iii. Define the size of the domain. 
iv. Cover the domain with a grid of M × N points, ideally M and N should be odd so that 
Simpsons rule can be applied to evaluate the total load support and the frictional torque. 
v. Evaluate the grid spacing. 
vi. Create matrices with ―local values‖ of θ and r. 
vii. Define the differentials of h. 
viii. Evaluate local values of A to E to work out the coefficients, CN, CS, CE, CW and G for 
all the interior grid points. Five separate matrices are created containing the local values 
of the coefficients. 
ix. Set all elements, including the perimeter points in the p matrix to zero. 
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―calccoeffssub2‖ in Matlab: 
%defines some variables 
thetatot = thetachan + thetaland; 
dt = thetatot / (nt - 1); 
dr = (rad1 - rad0) / (nr - 1); 
%dt2 = 2 * dt; 
%dr2 = 2 * dr; 
%dtdt = dt * dt; 
%drdr = dr * dr; 
%tcurr = 0; 
  
press = zeros(nt,nr); %define p 
%define h 
h= h0.*ones(nt,nr); 
stppoint=floor((thetachan/(thetachan+thetaland))*nt); %theta possition 
of step 
rimpoint=floor(((rad1-rad0-rim)/(rad1-rad0))*nr); %r possition of rim 
padpoint=floor(((rad2-rad0)/(rad1-rad0))*nr); %r possition of rim 
%h(stppoint:end,:)=h0+stept; 
%h(1:stppoint,rimpoint:end)=h0+stept; 
h(1:stppoint,:)=h0+stept; 
h(:,rimpoint:end)=h0+stept; 
h(:,1:padpoint)=h0; 
  
%define theta and r 
t=(0:dt:thetatot)'; 
t=(t(:,ones(nr,1)))'; 
r=(rad0:dr:rad1)'; 
r=(r(:,ones(nt,1)))'; 
  
%gradients in t and r directions 
i=2:1:nt-1; 
j=2:1:nr-1; 
dhdt = (h(i + 1, j) - h(i - 1, j)) / (2*dt); 
%dhdt = (h(i + 2, j) - h(i - 2, j)) / (4*dt); 
dhdr = (h(i, j + 1) - h(i, j - 1)) / (2*dr);  %added by Tom 
b=ones(size(dhdt)); 
uset=2:nt-1; 
user=2:nr-1; 
a=1./(r(uset,user).*r(uset,user)); 
d=1./r(uset,user)+((3./h(uset,user)).*dhdr); %second turm added by Tom 
c=3.* dhdt./(h(uset,user).* r(uset,user).* r(uset,user)); 
e=-6.*omega.*etao.* dhdt./(h(uset,user).* h(uset,user).* h(uset,user)); 
u=2.*(a./ (dt^2) + b./(dr^2)); 
  
cn=(b./dr^2 + d./(2*dr))./u; 
cs=(b./dr^2 - d./(2*dr))./ u; 
ce=(a./dt^2 + c./(2*dt))./ u; 
cw=(a./dt^2 - c./(2*dt))./ u; 
g= -e./ u; 
  
%pad with line of zeros outside 
cn=pad(cn); 
cs=pad(cs); 
ce=pad(ce); 
cw=pad(cw); 
g=pad(g); 
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Subprogram 3: Calculation of Pressure Distribution (solvepressuresubcont): 
i. Apply boundary conditions: hold all the perimeter pressures to zero. Sweep through all 
the interior points , i = 2 to i = M-1, j = 2 to j = N-1, recalculating p until the solution 
converges. 
ii. Apply successive over-relaxation to speed solution. This means the value of p (i,j) is 
changed as soon as it is calculated (Gauss Seidl iteration). Overrelaxation means 
overcorrecting the new value of p (i,j) by a set factor, typically 1.5. 
iii. Every time a new set of p values is evaluated, the weighed absolute residual, resid is also 
evaluated: 

 
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allpvalues
new
allpvalues
oldnew
p
pp
resid  (A35) 
 
The convergence criterion is a preset value, where resid is set to a relatively small 
number such as 10
-5
. The p values are re calculated until the convergence criterion is 
reached. 
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―solvepressuresubcont‖ in Matlab: 
clear i j 
i=(2:1:nt-1); 
j=(2:1:nr-1); 
  
resid=1; 
niter=0; 
residn=zeros(niter,1); 
sumpressuren=zeros(niter,1); 
  
while (resid > conv && niter <= nitermax) 
    niter = niter + 1; 
  
    temp = ce(i, j).* press(i + 1, j) + cw(i, j) .* press(i - 1, j)... 
        + cn(i, j).* press(i, j + 1) + cs(i, j) .* press(i, j - 1) + g(i, 
j); 
     
    press(1,2:end-1)=press(end-1,2:end-1);  %makes pressure at theta=0 the 
same as at theta=nt 
    press(end,2:end-1)=press(end-1,2:end-1); 
     
    press(:,1)=press(:,2);  %tries to set dpdr to zero in the middle (seems 
to work) 
     
    corr = (temp - press(i, j)).* relax; 
    press(i,j)=press(i,j)+corr; 
     
    zr=press>0; 
    press(zr)=-0.00001; 
     
    sumcorr=sum(sum(abs(corr))); 
    sumpressure=sum(sum(abs(press))); 
    resid = sumcorr./ sumpressure; 
     
    residn(niter)= sumcorr./ sumpressure; 
    sumpressuren(niter)=sumpressure; 
    sumcorrn(niter)=sumcorr; 
end 
  
niter; 
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Subprogram 4: Calculation of normal load (solveloadsubH) 
i. Apply Simpsons rule first in the r-direction, for each value of θ, multiplying the value of 
p by the local r value: 
 NN
R
prprprprprpr
r
rpdrP
N
...2424
3
5544332211
0


   (A36) 
ii. Apply Simpsons rule in the θ direction to obtain the total load support, Wtotal: 
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0
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 ―solveloadsubH‖ in Matlab: 
%Hugh's VB code solveloadsub() 
  
%first integrate ndpress(,) in strips in y direction to get sumy() 
    for i = 1:1:nt; 
        sumr(i) = 0; 
        for j = 2 :2: nr - 1 
            sumr(i) = sumr(i) + r(i, j - 1) * press(i, j - 1) + 4 * r(i, j) 
* press(i, j) + r(i, j + 1) * press(i, j + 1); 
        end 
        %sumr(i) = 2 * pi * sumr(i) * dr / 3; 
        sumr(i) = sumr(i) * dr / 3; 
    end 
%now integrate over sumy to find load 
    load = 0; 
    for i = 2:2: nt - 1 
        load = load + sumr(i - 1) + 4 * sumr(i) + sumr(i + 1); 
    end 
    lod = load * dt / 3 
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Subprogram 5: Balancing the loads (springLoop): 
―springLoop‖ in Matlab: 
loadIter=0; 
loadDir=0; 
ismin=0; %ismin flags up when minimum film thickness has been reached. 
hStep = 0.000001; 
while abs(targetLoad-lod)/targetLoad>= 0.001 & loadIter <= nLoadIterMax & 
ismin == 0 
    loadIter=loadIter+1 
    residL(loadIter)=abs(targetLoad-lod)/targetLoad; 
     targetLoad = ks * h0 + preLoad; 
          %Adjust h if necessary 
          if loadDir >= 0 %(Increasing h) 
             if lod > targetLoad  
                 h0 = h0 + hStep; 
             else 
                  hStep = hStep / 2; 
                  loadDir = -1; 
                  h0 = h0 - hStep; 
             end 
          end 
          if loadDir < 0    %(Decreasing h) 
              if lod < targetLoad  
                  h0 = h0 - hStep; 
              else 
                  hStep = hStep / 2 
                  loadDir = 1; 
                  h0 = h0 + hStep; 
              end 
          end 
   
          if h0 < 0.00000001; 
               h0 = 0.00000001; 
               ismin = 1; 
          end  
calccoeffssub2 
solvepressuresubcont 
solveloadsubH 
lod=-1*lod; 
lg(loadIter,1)=Vint(m); 
lg(loadIter,2)=h0; 
lg(loadIter,3)=lod; 
frictionSub;            %added to try to calculate friction 
        if loadIter <= 2; 
            if lod < targetLoad 
                loadDir = -1; 
            else 
                loadDir = 1; 
            end  
        end  
end 
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Subprogram 6: Calculation of frictional torque (frictionSub) 
Following the evaluation of the pressure distribution within the contact, the frictional torque was 
determined. 
Consider a fluid element in the polar co-ordinates. The element experiences pressure from the 
fluid as well as the shear stress as a result of the motion (entrainment). Figure A14 displays the 
forces and their directions acting on the fluid element. 
Balancing the forces in the θ direction, as illustrated in Figure A14: 
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Figure A14: Forces acting on the fluid element in polar co-ordinates. 
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Assuming no slip conditions: 
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Apply boundary conditions: 
z = 0, rω = rω1 (A44) 
z =h,  rω = rω2 (A45) 
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Therefore, the shear stress can be written as: 
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At the flat upper rotating surface, z = h, and the lower surface remaining stationary, the 
expression of shear stress is now: 
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As the distribution of the pressure, p, is already known. The total friction force, F can be 
evaluated by: 
 
i. Apply Simpsons rule first in the r-direction, multiplying the value of p by the local r 
value, for all values of θ, then sum up: 
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ii. Apply Simpsons rule in the θ direction to obtain the total friction force, FF: 
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The coefficient of friction can then be evaluated by: 
preLoad
FF  (A53) 
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―frictionSub in Matlab: 
dpdt=diff(press,1,1)./dt; %dt term added 18/10/2010 
dpdt=[dpdt(1,:)',dpdt']; 
dpdt=-dpdt'; %we have used z=0 datum as the recessed land of the stationary 
surface, rather than the moving flat, therefore must reverse 
tau=(0.5*h./r).*dpdt+(etao.*r./h).*omega; %dot added before dpdt 
  
%Hugh's VB code solveloadsub() 
  
%first integrate the tau matrix in strips in y direction to get sumy() 
    for i = 1:1:nt; 
        sumr(i) = 0; 
        for j = 2 :2: nr - 1 
            sumr(i) = sumr(i) + r(i, j - 1) * tau(i, j - 1) + 4 * r(i, j) * 
tau(i, j) + r(i, j + 1) * tau(i, j + 1); 
        end 
        %sumr(i) = 2 * pi * sumr(i) * dr / 3; 
        sumr(i) = sumr(i) * dr / 3; 
    end 
%now integrate over sumy to find load 
    friction = 0; 
    for i = 2:2: nt - 1 
        friction = friction + sumr(i - 1) + 4 * sumr(i) + sumr(i + 1); 
    end 
    fric = friction * dt / 3 
    friccoeff=fric/preLoad         %this is okay, since both friction force 
and preload are for 1/4th of a pad 
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Subprogram 7: Plotting out the pressure distribution within the pad (graphout1) 
This subprogram outputs the pressure distribution in the pad domain, as illustrated in Figure 
A15b). It can be disabled if required. 
 
a)  
Raised pad 
Recessed land 
O B 
C 
 b) 
 
 
Figure A15: a) Domain of the code b) Pressure distribution output (in kPa) from the finite 
difference code for contact lubricated with squalane, rotating with an angular speed of 
10000 rpm, under an initial load of 0.20 N. 
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―graphout‖ in Matlab: 
figure 
polarplot3d((-press')/1000000,'PlotType','surfn','AngularRange',[0 
pi/2],... 
    'RadialRange',[0.0005 0.00095],'PolarGrid',[0 
0],'InterpMethod','nearest'); 
view(0,90) 
set(gca,'Visible','off'); 
colorbar 
  
return 
  
figure 
plot(residn) 
title('resid') 
  
figure 
plot(sumpressuren) 
title('sumpressure') 
  
figure 
plot(sumcorrn) 
title('sumcorrn') 
  
figure 
mesh(-press) 
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Main Program (mainSpeedLoop): 
This puts all the subprograms together. 
―mainSpeedLoop‖ in Matlab: 
%clear 
tstart=cputime;  
  
%for k=1:20 
%    Vint(k)=50*(1.4^(k-1)); 
%end 
%Vint=fliplr(Vint); 
%Vint=10000;     %rpm.  remove this line 
%Vint=Vint*2*pi/60; 
%plot(Vint,'x') 
%Vint=[600 800 1000 1200]; 
%Vint=[100  70 80]; 
  
Out=zeros(length(Vint),2); 
  
inputsub 
  
for m=1:length(Vint) 
    omega=Vint(m); 
    if m~=1 
        h0=Out(m-1,1) 
    end 
  
    %%%%%%%%First load calculation. 
    targetLoad=1; 
    calccoeffssub2 
    solvepressuresubcont 
    solveloadsubH 
    targetLoad = ks * h0 + preLoad; 
    lod=-1*lod; 
    %%%%%%%%% 
    springLoop  %balences hydrodynamic load with spring force. 
    Out(m,1)=h0; 
    Out(m,2)=lod; 
end 
  
minutes_ellapsed=(cputime-tstart)/60 
%graphout1 
figure 
plot(Vint,Out(:,1),'x') 
 
LISTING 
Cameron, A., (1966), ―Chapter 3 Reynolds Equation,‖ in Cameron, A., Principles of Lubrication 
, publ. Longmans, pp. 48-80. 
